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Chapter 1

Introduction

1.1 Superconducting accelerator magnets

In circular particle accelerators such as CERN’s Large Hadron Collider (LHC) and Tevatron,
charged particles are accelerated to speeds close to the speed of light and collided. The collision
creates many elementary particles which are analysed using particle detectors. Particle colliders
such as these have been very important for research in high energy physics.

During acceleration, the particles are stored in a ring of magnets: The magnetic field results
in a Lorentz force perpendicular to the travelling direction, keeping the particle beam in a circu-
lar orbit. The maximum energy of a particle stored in such a ring is limited by the magnetic field
strength and by the radius of the ring. To achieve higher energies, very large accelerator rings
have been constructed, of which the LHC is the biggest with a circumference of 27 km. On the
other side, increasingly more powerful accelerator magnets are being developed. Here the use
of superconducting materials has been crucial. When cooled below a certain critical tempera-
ture, these materials have zero resistivity and can carry currents without dissipation. The use of
superconductors has been the only way to build magnets capable of fields well above 1 T, while
keeping the cost and power consumption at an acceptable level.

In table 1.1, the most common superconducting materials and their critical temperatures are
shown. NbTi and Nb3Sn are “low-temperature” superconductors (LTS) and need to be cooled
using liquid helium (T = 4.2 K). For a long time, these were the only materials that were used
in superconducting devices on a large scale. More recently, materials with higher critical tem-
peratures were discovered. REBCO, Bi-2212 and Bi-2223 have a critical temperature above the
boiling point of liquid nitrogen (T = 77 K) and are called “high-temperature” superconductors
(HTS).
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CHAPTER 1. INTRODUCTION

Material Tc [K] Discovery

NbTi 9 1962
Nb3Sn 18 1954
MgB2 39 2001
REBCO 93 1987
Bi-2212 95 1988
Bi-2223 108 1988

Table 1.1: The most common superconductors, their critical temperatures and year of discovery.

The current that a superconductor can carry without dissipation has an upper limit, the
critical current. Above this limit, the resistivity starts to increase. The critical current strongly
increases with decreasing temperatures. For this reason, devices where a high current density
is needed, such as high-field magnets, are cooled to T = 1.9 - 4.2 K using liquid helium, even if
their critical temperatures are much higher.

Besides temperature, the critical current depends on the magnetic field. In figure 1.1, the
critical current densities of several superconducting wires are shown as a function of the mag-
netic field. For practical applications, a current density of at least 400 A/mm2 is needed [1].
This means that, at 4.2 K, the maximum field of a LTS magnet is limited to 9 - 10 T for NbTi
and 17 - 18 T for Nb3Sn. In order to achieve even stronger magnetic fields, HTS need to be
used. Especially REBCO conductors are promising, because they can carry a sufficient current
density even in fields of 30 T and higher.

The magnets currently in use in the LHC storage ring are made of NbTi and have a max-
imum field of 8.3 T. There are plans to upgrade these magnets. A luminosity upgrade “High
Luminosity LHC” is planned for 2020. In this project, part of the magnets will be replaced by
11 - 13 T Nb3Sn magnets. For the more distant future (2030), a replacement of the entire ring
by 20 T magnets is under consideration, the “High Energy LHC” [3]. Such magnets can only
be realised with HTS materials. Alternatively, a new circular 80-100 km long tunnel may be
built. This project is called the Frontier Hadron Collider (FHC) [4]. The accelerator magnets in
this machine would be made of Nb3Sn or HTS cables and generate 16 or 20 T.

In the coming years, a HTS demonstration magnet is to be built at CERN in the frame of
the EuCARD-2, which stands for “Enhanced European Coordination for Accelerator Research
& Development” [5]. The aim is to generate a 5 T field standalone, and 17 T in a 13 T back-
ground field. This magnet will likely be built from REBCO-based conductors in a Roebel cable
configuration. This type of conductor and cable is explained in the next section.
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1.2. REBCO TAPES AND ROEBEL CABLES
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Figure 1.1: Engineering (whole wire) critical current densities of different superconducting
wires at liquid helium temperatures (1.9 - 4.2 K). In strong magnetic fields, the high-temperature
superconductors YBCO and Bi-2212 have the highest current densities. Chart by J. Lee [2].

1.2 REBCO tapes and Roebel cables

REBCO is short for Rare-Earth metal Barium Copper Oxide. It is a class of high-temperature
superconductors that includes compounds with different rare-earth metals. Superconductivity
above 77 K was observed for the first time in Y1.2Ba0.8CuO4, with a critical temperature of 93 K
[6]. The critical current of polycrystalline REBCO, however, was initially very low due to weak
links at the grain boundaries. A grain misalignment more than a few degrees strongly decreases
the critical current [7]. Because of this, the powder-in-tube process is not suitable for REBCO,
as in that case the micro-structure is only slightly textured. Better alignment of the grains has
been achieved by depositing REBCO on a textured substrate [8]. Such coated conductors have
been commercially available since around 2005 with increasing length and quality.

Figure 1.2 shows a cross-section of a typical REBCO tape produced by SuperPower, which
is also used in all experiments described in this report. The base of the tape is a 50 µm thick
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CHAPTER 1. INTRODUCTION

Figure 1.2: Cross section of a REBCO coated conductor from SuperPower. Image by Super-
Power [9].

Hastelloy substrate, a strong alloy that provides the mechanical strength. On this substrate a
stack of buffer layers is deposited. The key element of the buffer is a biaxially textured layer
of MgO, which is deposited using ion beam assisted deposition (IBAD). This textured layer
ensures good alignment of the REBCO grains that are epitaxially grown on top of it. Next,
silver and copper layers are added to provide chemical protection and increase the thermal
stability. The resulting tapes typically are 4 - 12 mm wide and 0.1 mm thick. The production
process at SuperPower is described in more detail in [10].

Magnets for big particle accelerators and AC applications (transformers and generator arma-
tures) cannot be wound from a single wire. A large number of turns would be needed, resulting
in a prohibitively high self-inductance. Such a magnet could be ramped only slowly and under
high voltage, and this would complicate safe shut-down after a quench. Instead, the magnet
needs to be constructed from high-current cables consisting of 20 to 1000 wires and a smaller
number of turns [11]. Cabling methods for round superconducting wires are well developed.
Unfortunately, these techniques cannot be applied to REBCO tapes because of their flat shape.

In figure 1.3 three of the most promising cabling architectures for REBCO tapes are shown:

• The Twisted-Stacked Tape Cable (TSTC) was first proposed at the Massachusetts Insti-
tute of Technology. Like the name says, it is a stack of REBCO tapes that is subsequently
twisted. The tapes can be soldered together to improve the mechanical and thermal sta-
bility [12].

• The Conductor on Round Core (CORC) is developed and commercialised by Advanced
Conductor Technologies. REBCO tapes are wound onto a copper or aluminium cylindri-
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1.2. REBCO TAPES AND ROEBEL CABLES

Twisted stacked-tape cable (TSTC) [12]

Conductor on round core (CORC) [13]

Roebel assembled coated conductor (RACC)

Figure 1.3: Different cables made of REBCO coated conductors that have possible applications
in high-field magnets.

cal former. Multiple layers can be added for higher currents [14].

• The Roebel Assembled Coated Conductor cable (RACC) is developed at Karlsruhe Insti-
tute of Technology [15] and at Industrial Research Ltd [16]. REBCO tapes are punched
into a meandering shape and assembled into a cable.

These cable concepts are still relatively new and a significant effort is ongoing to investigate
their relative merits and drawbacks. Roebel cables have several advantages which make them
an interesting candidate for AC applications and accelerator magnets: Unlike TSTC and CORC
type cables, the Roebel cable is fully transposed. In other words, all strand of the cable are
equivalent, in the sense that they experience the same magnetic field along their length. This
ensures a homogeneous current distribution among the strands which is essential for the field
homogeneity of accelerator magnets. Secondly, Roebel cables are densely packed, especially
compared to CORC cables, resulting in a high engineering current density. Multiple Roebel
cables can be efficiently stacked in a winding pack due to their flat shape. Another advantage
is high mechanical flexibility for bending in the soft direction (out-of-plane), similar to single
tapes (see chapter 5). On the other hand, in-plane bending of the cable is possible only for large
bending radii.

The magnetic field dependence of the critical current of REBCO tapes is highly anisotropic:
a magnetic field perpendicular to the wide conductor surface has a much bigger influence than a
similar field parallel to the surface (see figure 1.1). Roebel cables retain this anisotropy, because
all strands have the same orientation. This can be an advantage if a magnet can be designed in
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CHAPTER 1. INTRODUCTION

such a way, that the magnetic field is always parallel to the surface.
A remarkable disadvantage of Roebel cables is that more than 50% of the material is lost

in the punching process. In the future, this may be solved by punching the substrate before
depositing the superconductor.

1.3 Transverse stresses in accelerator magnets and their ef-
fect on REBCO conductors

For the EuCARD-2 demonstrator magnet, CERN is currently focusing on the option of so-called
aligned block coils from REBCO Roebel cables [17, 18]. Recent drawings are shown in figure
1.4. In an aligned block coil, the wide side of the Roebel cable is parallel to the magnetic field.
This orientation has two advantages: In the first place, high current densities can be achieved,
as the influence of parallel magnetic field on the critical current is small. Secondly, the design
requires only little in-plane bending; Roebel cables are not very flexible in this direction.

In magnet design, the mechanical stresses due to Lorentz forces must be taken into account.
The Lorentz force is perpendicular to both the current and the magnetic field. In an aligned
block coil, it will be directed perpendicularly to the wide side of the Roebel cable. Calculations
have shown that the transverse stress in the demonstrator coil can be as high as 110 MPa when
operated in a 13 T background field [17]. In a 20 T accelerator magnet, the transverse stress

Figure 1.4: Aligned block HTS magnet designs from G. Kirby et al. [17, 18]. Feather-M0 is
used for development of coil winding and quench detection, feather-M2 is the EuCARD-2 insert
magnet.
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1.3. TRANSVERSE STRESSES IN ACCELERATOR MAGNETS AND THEIR EFFECT
ON REBCO CONDUCTORS

can even reach 150 MPa. It is necessary to investigate if REBCO Roebel cables can withstand
these stresses.

The next two sections provide an overview of publications on the transverse strength of
REBCO tapes and cables.

1.3.1 Transverse strength of REBCO tapes

There have been several investigations on the effect of transverse compressive stress on the crit-
ical current of REBCO tapes. An overview is shown in table 1.2. For comparison, a transverse
strength is defined as the stress needed to cause a critical current degradation of 5%.

The first transverse stress data were presented by J. Ekin et al. in 2001 [19]. The investigated
tapes consisted of a 100 µm thick Inconel substrate (a nickel alloy) with a 0.9 µm YBCO layer.
The samples were subjected to transverse stress in a liquid nitrogen bath, while the critical
current Ic was repeatedly measured. After monotonic loading the Ic degradation was less than
5% at 100 MPa and 7% at 120 MPa. 2000 load cycles to 122 MPa resulted in less than 2%
additional degradation.

In a study by N. Cheggour et al., REBCO tapes with pure Ni and Ni-5%W substrates were
subjected to transverse stress [20]. In the case of pure Ni substrates, a monotonic loading to
120 MPa did not cause Ic degradation. However, in load-unload mode, in which the stress is
released after each measurement, an Ic degradation of 28% was observed at 100 MPa. The
samples which had a harder Ni-5%W substrate were found to be more tolerant to transverse
compression. They showed less than 6% degradation in load-unload mode with pressures up

Author Year Substrate Transverse strength [MPa]

J. Ekin et al. [19] 2001 100 µm Inconel 625 100
N. Cheggour et al. [20] 2003 50 µm Ni ≥ 120 (monotonic)

20 (load-unload)
75 µm Ni-5%W ≥ 150

N. Cheggour et al. [21] 2007 75 µm Ni-5%W ≥ 150
100 µm Hastelloy C-276 ≥ 150

T. Takao et al. [22] 2007 100 µm Hastelloy ≥ 300
D. Uglietti et al. [23] 2013 50 µm Hastelloy 400
L. Chiesa et al. [24] 2014 50 µm Hastelloy C-276 ≥ 450

50-75 µm Ni-5%W 440

Table 1.2: An overview of transverse stress experiments on REBCO tapes. The transverse
strength is defined as the stress needed to cause a critical current degradation of 5%.
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CHAPTER 1. INTRODUCTION

to 150 MPa. In a follow-up, REBCO tapes with Ni-5%W or Hastelloy C-276 (another nickel
alloy) substrates were subjected to 20,000 fatigue cycles of transverse stresses up to 150 MPa
[21]. No degradation of more than 1% was observed in any of the samples.

Monotonic loading experiments up to 400 MPa were reported T. Takao et al. [22]. All tested
samples, which had a 100 µm thick Hastelloy substrate, did not show Ic degradation at pressures
up to 300 MPa.

In 2013, D. Uglietti tested the effect of transverse stress on a commercial conductor from
SuperPower [23]. 4 mm wide tapes (SCS4050) as well as a 2 mm wide Roebel strand punched
from a wider tape (SCS12050) were measured. All samples had a 50 µm thick Hastelloy sub-
strate. The critical current reduction was limited to 2% up to 200 MPa and to less than 8% at
550 MPa for all single tape samples. These results are of special interest as the same conductor
is currently used for KIT’s Roebel cables.

Recently, commercial tapes from SuperPower and AMSC were tested for use in TSTC ca-
bles by L. Chiesa et al. [24]. The SuperPower tape (SCS4050-AP), which had a 50 µm Hastelloy
substrate, did not show degradation up to 450 MPa. The AMSC tape with a Ni-5%W substrate
(344C) showed a slow degradation up to 13% at 480 MPa.

1.3.2 Transverse strength of Roebel cables

REBCO tapes should easily be able to withstand the transverse stresses up to 150 MPa in a
possible HTS accelerator magnet. In cable configurations, however, the stress may not have a
homogeneous distribution over the entire surface. The stress at certain locations can be much
higher than the average, and cause local damage.

J. Fleiter et al. subjected REBCO Roebel cables manufactured by General Cable Supercon-
ductors (GCS) and KIT to transverse stresses [25]. Both cables were 12 mm wide. During
compression, the cables were stacked with a pressure sensitive film from Fujifilm. This film
becomes red when a pressure more than 40 - 50 MPa is applied. In figure 1.5, the stress patterns
at 40 MPa are shown for two different Roebel cables. From the prints, the effective section that
experiences transverse stress is estimated to be only 36% for the GCS cable and 23% for the
KIT cable. This means that loading to 40 MPa leads to a local stress of at least 111 MPa for the
GCS cable and 167 MPa for the KIT cable.

The cables were further loaded up to 45 MPa. Afterwards, the cables were disassembled
and several strands were analysed at 77 K. No irreversible Ic degradation was observed [25].

Another transverse pressure test on Roebel cables was reported by Uglietti et al. [23]. The
cables samples were provided by GCS and had a width of 4 mm. The strands of the cable

12
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ON REBCO CONDUCTORS

Figure 1.5: Roebel cables and corresponding stress patterns measured by J. Fleiter et al. [25].
(a) and (b) show a Roebel cable from General Cable Superconductors (GCS), (c) and (d) a cable
from KIT.

Figure 1.6: A cable that was disassembled after being subjected to 52 MPa transverse stress.
The arrows indicate the relation between the tape edges and the damage on neighbouring
strands. Image by Uglietti et al. [23].

were electrically insulated, allowing Ic measurements of the separate strands. Degradation was
observed at pressures as low as 10 MPa, and most strands degraded by more than 20% at 40
MPa. In figure 1.6, three strands are shown of a cable that was subjected to a pressure of 52 MPa.
Damage is visible where the strands are touched by the edge of the neighbouring strands. The
damage location corresponds to the borders of the stress patterns measured by J. Fleiter (figure
1.5).

At similar pressures, D. Uglietti observed a more severe Ic degradation than J. Fleiter. There
is so far no conclusive explanation for this difference.

Recently, G. Kirby et al. subjected a stainless steel Roebel dummy to 150 MPa transverse
pressure, resulting in severe plastic deformation [17].

The above results indicate that there are stress concentrations at the tape edges, which will
become problematic at stress levels expected in HTS accelerator magnets. It is therefore neces-
sary to mechanically reinforce the cable and reduce stress concentrations.

13



CHAPTER 1. INTRODUCTION

1.4 Work overview

The goal of this master assignment is to investigate whether epoxy impregnation can reduce
such stress concentrations and thus prevent critical current degradation at stress levels up to
150 MPa. To fulfil the assignment, these separate issues have to be addressed: an impreg-
nation material and method need to be selected; a suitable sample holder needed needs to be
designed, in particular the minimum bending radius of the investigated Roebel cables has to be
determined; and the critical current of an impregnated cable sample needs to be measured at
different transverse stress levels.

These different activities are reflected in the structure of this report:

Chapter 2: General experimental methods
This chapter discusses the preparation of Roebel cables and the general method used to
measure their critical currents.

Chapter 3: Impregnation materials
An overview of impregnation materials is given, and their suitability for application in
Roebel cables is discussed. The relevant low-temperature properties of several commer-
cially available resin systems are measured. Based on these results, an epoxy resins filled
with fused silica powder is selected as the most suitable material.

Chapter 4: Vacuum impregnation
The vacuum impregnation of dummy cables is described. The impregnation quality is
evaluated using microscopic images of cable cross-sections. In this way, the impregnation
process is improved without wasting expensive REBCO cables.

Chapter 5: Out-of-plane bending of REBCO Roebel cables
This chapter reports on measurements of the minimum bending radius for Roebel cables.
These measurements are needed for the design of the sample holder for the transverse
pressure tests.

Chapter 6: Transverse strength of a REBCO Roebel cable
The test of an impregnated Roebel cable in a transverse press set-up is described.

This project was done within a cooperation between Karlsruhe Institute of Technology
(KIT), where Roebel cables are developed, and Twente University (UTwente), which has fa-
cilities for mechanical tests of superconducting cables. The work described in chapters 3, 4 and
5 was done at KIT, the pressure tests described in chapter 6 were done at UTwente.

14



Chapter 2

General experimental methods

The aim of this short chapter is to explain experimental aspects that are referred to throughout
the report. The production method and layout of REBCO Roebel cables as well as the electrical
analysis of those cables are discussed.

2.1 REBCO Roebel cable preparation

First, the superconducting tape is punched into a meandering shape using a pneumatic punching
machine (figure 2.1). The machine has two knives which can remove material from each side of
the tape. A reel-to-reel system is used to automatically move the tape. The accuracy of the cuts

Figure 2.1: Computer controlled pneumatic punching machine that is used at KIT. It can be
used to make Roebel strands of 4, 10 and 12 mm wide tapes with different transposition lengths.
Image by W. Goldacker et al. [15].

15



CHAPTER 2. GENERAL EXPERIMENTAL METHODS

is better than 50 µm [26]. After punching, the conductor has lost more than half of its critical
current. Relative to the tape width, however, the critical current reduction is less than 3%. This
indicates that the machine does little damage to the remaining part [26].

The machine is suitable for 4, 10 and 12 mm wide tapes. The standard transposition lengths
are 115.7 mm for 4 mm wide tapes, and 126, 226, and 426 mm for 12 mm wide tapes. For
this project, 12 mm wide tapes are punched with 126 mm transposition length. The punching
pattern with dimensions is shown in figure 2.2.

Transposition length: 126 mm

30◦
Outer radius: 0 mm

Inner radius: 10 mm

5.5 mm

5.5 mm

12 mm

Figure 2.2: Shape of the Roebel strands after punching. The figure shows one transposition
length in real size.

After punching, strands of the desired length are cut from the tape. The critical current is
measured at 77 K (section 2.2) to check for any defects. If no defects are found, the strands are
assembled into a cable by hand. All cables in this project consist of ten strands which all have
the same orientation of the REBCO-coated side.

Figure 2.3: Computer drawing of an assembled Roebel cable, showing seven out of ten strands.
Cross-sections are shown at the bridge (B) and between two bridges (A). The thickness of the
tapes is exaggerated to better show the 3D structure. Image by W. Goldacker et al. [15].
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2.2. ELECTRICAL CHARACTERISATION

2.2 Electrical characterisation

The goal of electrical characterisation is to determine the critical current and the n-value of the
sample. The electric field E and the current I in a one-dimensional superconducting wire are
often described by a power law:

E
Ec

=

(
I
Ic

)n

(2.1)

In this equation, Ic is the critical current, which is defined as the current at which the electric field
reaches a certain criterion Ec. In this report a criterion of Ec = 10−4 V/m is used, as is usual
for HTS conductors. The n-value describes the steepness of the superconducting transition,
with n = 1 being a resistor and n = ∞ being an idealised superconductor. It is widely used as a
measure of superconductor quality as it reflects both magnetic flux pinning and micro-structural
homogeneity.

0 0.2 0.4 0.6 0.8 1 1.2
0

0.5

1

1.5

I/Ic

E
/
E

c

n = 1
n = 10
n = 25

Figure 2.4: Superconducting transition for different n-values.

For electrical characterisation, the current-voltage characteristic is measured. This usually
done by passing an increasing current through the sample and measuring the voltage over a well-
defined length. The voltage is always measured with a separate pair of wires, connected at some
distance from the current leads. This is done to avoid measuring the voltage associated with the
resistive current contacts. In case of a cable consisting of multiple strands, the contacts are
always connected to the same strand, to exclude potential differences between different strands.
As the electric field criterion is relatively low, sensitive nano-voltmeters or pre-amplifiers need
to be used.
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CHAPTER 2. GENERAL EXPERIMENTAL METHODS

The power law (equation 2.1) can be written as a linear relation between ln(I) and ln(E):

ln
(

E
Ec

)
= ln

((
I
Ic

)n)
(2.2)

⇒ ln(E) =n ln(I)+ ln(Ec)−n ln(Ic) (2.3)

To compute the critical current and the n-value, a linear fit is made. The n-value is equal to
the slope. The critical current is determined from the n-value and the intercept with the vertical
axis.
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Chapter 3

Impregnation materials

3.1 Introduction

Epoxy resins are commonly used for reinforcement of resistive and low-temperature super-
conducting coils. These resins are processed by mixing two liquid parts (resin and hardener),
followed by a curing cycle to harden it. As a liquid, uncured epoxy resin fills up small spaces
inside a coil. It is applied using techniques such as wet-winding or vacuum impregnation. Ad-
ditionally, most epoxy resins have good dielectric and mechanical properties.

In REBCO coils, however, epoxy impregnation has been challenging: the first reported
impregnated coils showed degradation of the critical current. After visual inspection of an
impregnated coil, a separation of the layers (delamination) was observed by T. Takematsu [27].
Such damage is explained as a result of a mismatch in thermal expansion between the conductor
and the epoxy: When epoxy is cooled down from room temperature to T = 4.2 K, it contracts
by 1.33%, while the REBCO tape contracts by only 0.25% [28]. This mismatch leads to tensile
stresses perpendicular to the tape; in other words, the layers of the tape are being pulled apart.
REBCO tapes are very sensitive to such stresses, and degradation can occur at stress levels as
low as 10 MPa [29, 30].

Several different methods to reduce tensile stresses have been proposed and tested success-
fully. The underlying principles are the following:

• Using no impregnation at all. This is possible in stacked cables and pancake coils, since
the rectangular tapes form a good support themselves. Co-winding with an insulated steel
tape has been done for additional support and electrical insulation between the windings
[31].

• Avoiding epoxy penetration in between the winding and casing only the entire coil. By
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CHAPTER 3. IMPREGNATION MATERIALS

winding a pancake coil under high tension the tapes can be very closely packed. Epoxy
impregnation of such a coil did not cause damage [32].

• Using a soft impregnation material. Beeswax and paraffin have been used to impregnate
REBCO pancake coils [27, 33]. Despite their high thermal contraction, these materials
are too weak to build up high thermal stresses during cool-down; they crack instead.

• Using an impregnation material with low adhesive strength. Both beeswax and paraffin
do not stick to metals. Cyanoacrylate resin does stick, but it still has a bonding strength
several times lower than epoxy. A coil impregnated with this material did not show any
degradation [34].

• Introducing a weak mechanical barrier between the conductor and the epoxy that absorbs
the stress. This has been done by sticking the conductor in a polyester heat-shrink tube
[35], and by coating it with a polyimide layer [36]. Both coils were then epoxy impreg-
nated without any degradation.

• Using materials with low thermal expansion. Epoxy resins can be mixed with a powder
of a low thermal-expansion material in order to decrease the overall thermal expansion.
In a previous work at KIT, a Roebel cable was impregnated with a 1:1 mixture of epoxy
and silica [28]. The critical current of the cable was measured at 77 K before and after
impregnation, and no degradation was observed.

• Polyimide resins show a thermal contraction lower than epoxy even without any fillers
[37]. Moreover, they are more resistant against radiation than epoxy [38], making them a
promising candidate for impregnation of accelerator magnets. A bismaleimide resin has
been used on a Nb3Sn cable stack, which had decreased thermal contraction compared
to one impregnated with epoxy [38]. However, such resins have not been applied yet to
REBCO coils and cables.

In order to reinforce Roebel cables and reduce stress concentrations under transverse load-
ing, it is essential that the cable, and in particular the central hole, is filled with a strong material.
The impregnation should prevent any movement of the wires, even under high pressures. Soft
impregnation materials such as beeswax and paraffin are therefore not suitable. Likewise, weak
mechanical barriers surrounding the tapes are undesirable as they allow for some movement.
Using such a barrier around the entire cable is also not an option, as the cable itself would not
be filled.
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3.2. TESTED FILLED EPOXY RESINS

When choosing an impregnation material, one also needs to make some practical consid-
erations. Both at UTwente and KIT basic equipment is available for vacuum impregnation
with epoxy. Epoxy resins are generally processed at moderate temperatures ranging from room
temperature to 100 ◦C, and maintaining this temperature is not critical. Polyimide resins need
higher temperatures of 120 - 200 ◦C, and have a viscosity that strongly depends on temperature.
This complicates the impregnation procedure; for example, syringes cannot be used to move the
resin, as it will freeze in the tip and clog it. For this project we decided to stick to epoxy resins
because of their ease of processing and proven good mechanical properties. Even so, polyimide
resins remain an attractive alternative.

Many filled epoxy resins are commercially available, but their properties at low temperatures
are not well-documented. In this chapter, epoxy resins with six different fillers are analysed
specifically for low-temperature use. Their thermal expansion, thermal conductivity and elec-
trical conductivity are measured for temperatures ranging from 4.2 to 300 K. Using the results,
the most suitable resin is selected.

3.2 Tested filled epoxy resins

The tested epoxy resins are shown in table 3.1. Initially, the idea was to use a conductive resin
to prevent the strands within the cable from becoming electrically insulated. In this way the sta-
bility may be improved. Silver- and graphite-filled epoxies (Duralco 125/127) were purchased
from Polytec. Silver epoxy is the most common conductive epoxy. The electrical conductivity
depends on a direct contact between silver particles, so a high filling ratio of 60 to 80% of the
total weight is needed. Duralco 127, a graphite-filled epoxy, is a low-cost alternative.

Carbocond 171/6 and 471/6 from the company FutureCarbon are epoxy resin filled with a

Filler Filling ratio
[wt%]

Product name

Electrically
conductive fillers

Silver 60 - 80 Duralco 125
Graphite 50 - 60 Duralco 127
Carbon particles + CNT 4 - 8 Carbocond 171/6
Graphite + CNT 4 - 8 Carbocond 471/6

Insulating fillers
Fused silica 50, 60, 66 Araldite CY5538/HY5571
Al(OH)3 56 Araldite CW5730N/HY5731

Table 3.1: Tested epoxy resins with several different conductive and insulating fillers.
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mixture of carbon particles and single-walled carbon nanotubes (CNT). The carbon nanotubes
provide a percolation path for the current even at very low filling ratios [39]. Resins with less
filler have lower viscosity and are more easily processed. Carbon nanotubes also have been
shown to increase thermal conductivity [40] and improve the mechanical properties [41]. Data
on the thermal expansion of these mixtures was however not available, so we decided to measure
it for two commercially available ones.

As discussed below, it was found that these conductive epoxy resins are not suitable for the
impregnation of Roebel cables. Two additional insulating resins were offered for testing by
Huntsman Corporation. Araldite CY5538 with hardener HY5571 is supplied unfilled. As filler,
fused silica flour “Silbond FW600 EST” with a median grain size of 4 µm is used. Fused silica
has a low coefficient of thermal expansion of 0.5∗10−6 K−1 [42]. Araldite CW5730N is a resin
pre-filled with 56 wt% aluminium hydroxide.

3.3 Thermal expansion

All filler materials investigated have a coefficient of thermal expansion much lower than epoxy
(see table 3.2). Addition of these materials to the resin is therefore likely to reduce the overall
thermal expansion. The thermal expansion of the filled epoxy resins were measured in the
Cryogenic Material Test Facility Karlsruhe (CryoMaK) [43]. The measurements were done by
Nadezda Bagrets.

Material CTE [10−6 K−1] Source

Epoxy 87 [44]
Silver 18 [45]
Alumina 6.6 [42]
Al(OH)3 ?
Graphite 2 - 6 [46]
Silica 0.5 [42]

Table 3.2: Coefficients of linear thermal expansion at room temperature for the investigated
filler materials and unfilled epoxy.

3.3.1 Method

Samples are prepared by mixing the resin and hardener according to the instructions and curing
in a Teflon form. The resulting samples have a size of 60 mm × 10 mm × 5 mm.
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3.3. THERMAL EXPANSION

To measure the elongation of the sample, two extensometers are attached to the sample (fig-
ure 3.1). The extensometers consist of U-shaped bars of copper-beryllium. The sharp ends
of the extensometer are fixed to the sample using steel clamps. On both extensometers strain
gauges are attached which have a resistance dependent on the deformation. To obtain an accu-
rate relation between the extension at the tips and the strain gauge resistance, the extensometers
have been calibrated using a tensile machine. This calibration was done at different tempera-
tures, as the calibration factor depends on the temperature.

Sample Steel clamp 

50 mm 

Strain gauge 

Extensometer 

Figure 3.1: CryoMaK thermal expansion measurement setup.

The sample and extensometers are inserted into a cryostat and cooled to 4.2 K by filling
the cryostat with liquid helium. Once the helium has evaporated, the temperature inside the
cryostat slowly rises to room temperature in about ten hours. The slow temperature change
ensures a homogeneous temperature in the sample area. During these ten hours, the strain gauge
resistance is continuously measured. The temperature is measured as well using a Lakeshore
cryogenic temperature sensor.

A correction needs to be made to compensate for the thermal expansion of the extensometer
itself. For this reason, the measurement is repeated with a sample of Zerodur glass of which the
thermal expansion is negligible. The difference in thermal expansion between the Zerodur and
the actual sample measurements is taken as the final result.
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3.3.2 Results

The total linear thermal expansion when cooling from room temperature to T = 4.2 K is shown
in figure 3.2. The thermal expansion of an unfilled epoxy (Araldite DBF), alumina-filled epoxy
(Stycast 2850 FT) and REBCO tapes were measured before for a different project using the
same equipment [28]. These values are added to the figure for comparison.
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Figure 3.2: Thermal expansion for T = 293→ 4.2 K for different filled epoxies. (*) The values
for unfilled epoxy, alumina-filled epoxy and REBCO tape were taken from Barth et al. [28].

The thermal expansion of unfilled epoxy is five times larger than that of REBCO tape. All
fillers decrease the thermal expansion to some degree. The mixtures with the lowest thermal
expansions are heavily filled with silica, graphite, or alumina. This makes sense because silica,
graphite and alumina are themselves materials with low thermal expansion.

3.4 Thermal conductivity

Apart from thermally induced stresses, another point of attention is the thermal conductivity
of the impregnation mixture. A too low thermal conductivity will hamper heat removal to
the environment and thus may endanger the thermal stability of the cable. For applications at
temperatures above 0 ◦C, epoxy resins are commonly filled with silica, alumina or silver if an
increased thermal conductivity is desired. But like many other material properties, the thermal
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3.4. THERMAL CONDUCTIVITY

conductivity changes with temperature. In this section, the thermal conductivity of several filled
resins is analysed at cryogenic temperatures.

The thermal conductivity is measured in a Physical Property Measurement System (PPMS)
from Quantum Design [47]. The setup features a 14 T magnet and a variable temperature
cryostat for temperatures ranging from 1.9 to 400 K. The measurements described in this section
were done by Sandra Drotziger and Nadezda Bagrets.

3.4.1 Method

The measurements principle is as follows: a known heat flux P is passed through the sample,
which has a constant cross-sectional area A over its length. At the same time, the temperature
difference ∆T is measured over a distance ∆x parallel to the heat flow. The thermal conductiv-
ity k can then be calculated by dividing the heat flux density P/A by the temperature gradient
∆T/∆x:

k =
P∆x
A∆T

(3.1)

This method assumes a steady state; the temperature of the sample does not change in time.
Samples for the thermal conductivity measurements were cut from the larger thermal ex-

pansion samples. The new smaller samples are cylinders with a diameter of 6 mm. Cylinders
with two different lengths (2 and 3 mm) were made from each resin. The measurements are
repeated on these three samples and compared to rule out geometry effects.

Figure 3.3: CryoMaK thermal conductivity measurement setup. Image by Bagrets et al. [48].

To establish a heat flux through the sample, one side of the sample is connected to a resistive
heater using silver epoxy. The other side is glued to a thermal sink. Two temperature sensors
are glued in between the heater and the sink. Next, the samples are inserted into a temperature
variable cryostat. The chamber is evacuated to approximately 10−6 mbar to prevent heat transfer
to the surrounding gas. Using the heater a temperature increase of 1 - 3% of the background
temperature is created. Heat losses due to radiation are automatically estimated by the PPMS
software.
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A more detailed discussion of the thermal conductivity measurements at CryoMaK can be
found in [48].

3.4.2 Results

The results of these measurements are shown in figure 3.4. The two samples of each resin show
similar behaviour, indicating that the influence of geometry is small.

Three bar diagrams in figure 3.4 show the thermal conductivities at the most relevant cryo-
genic temperatures 77 K and 4.2 K. The values for unfilled, silica-filled (Araldite DBF) and
alumina-filled (Stycast 2850 FT) epoxy resins are shown for comparison [49, p. 83]. These
measurements were done in the same setup and are in agreement with literature values [50, 51].
At room temperature, all fillers increase the thermal conductivity, up to a factor 16 for the silver
filler. At cryogenic temperature, however, this effect is much smaller. The thermal conductivi-
ties of the different epoxy resins at 4.2 K differ by no more than a factor four. For fillers other
than silver the difference is even reduced to less than a factor two. These fillers will therefore
have limited use for improving the stability of magnets operated at 4.2 K.
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Figure 3.4: Thermal conductivity as a function of temperature for the different filled epoxy
resins. Values with * are from C. Barth’s thesis [49].
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3.5 Electrical resistivity

At cryogenic temperatures, the specific heat of most materials is much lower than at room
temperature. A relatively small amount of heat can therefore cause a large rise in temperature. If
the temperature of a superconductor rises above the critical temperature a “quench” occurs: the
superconductor suddenly enters its normal (resistive) state. If the subsequent resistive heating
is lower than the cooling power, the superconductor can recover from the quench. Otherwise,
the normal zone will become larger and larger and the current needs to be stopped. The energy
needed to cause a quench is called the minimum quench energy. The higher the minimum
quench energy, the better the thermal stability of the cable.

In a cable, multiple superconducting strands are connected in parallel. Suppose that one
of those strands quenches and develops a normal zone. If the strands are electrically insulated
(high inter-strand resistance), the current is forced to flow through the normal zone. If the inter-
strand resistance is sufficiently low, the current can relocate to other strands of the cable. In
this case, less current flows through the normal zone leading to a lower resistive heating. An
increased minimum quench energy was shown for NbTi [52] and Nb3Sn Rutherford cables [53]
with a low inter-strand resistance.

If epoxy impregnation electrically insulates the strands, it can have an adverse effect on
the thermal stability. Impregnation with a conductive silver-filled epoxy has been proposed
for Roebel cables [54]. A cable impregnated with such material had a decreased inter-strand
resistance compared to the one impregnated with unfilled epoxy. The effect on the thermal
stability however has not been analysed yet.

In this work epoxy resins are analysed of which four have an electrically conductive filler.
The electrical conductivity of those resins at low temperatures are described in this section. The
measurements were done by Sandra Drotziger.

3.5.1 Method

For these measurements, new 4 mm × 4 mm × 15 mm samples were prepared. A small plug
with four contacts in a line was inserted into the resin before it hardened. The two outer poles
are connected to a current source which provides a current of a few mA through the sample.
The voltage is measured over the inner two poles. The resistivity is then computed using the
well-known formula

ρ =
A
l

R =
AU
lI

(3.2)
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3.5. ELECTRICAL RESISTIVITY

in which A is the cross-sectional area and l is the distance between the two voltage contacts.
The measurement is repeated at different temperatures in the temperature-variable cryostat of
the PPMS.

3.5.2 Results

The results are shown in figure 3.5. The resins filled with carbon are electrically conductive but
still have a relatively high resistance of more than 0.1 Ωm. Silver epoxy is much less resistive
at about 10−5 Ωm. The temperature dependence of the electrical resistivity is not too strong:
at cryogenic temperatures, the carbon-filled epoxy resins have slightly higher resistivities while
the resistivity of silver epoxy is slightly lower.
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Figure 3.5: Electrical resistivity as a function of temperature for the different conductive resins.

To make inter-strand current redistribution in a cable possible, the inter-strand resistance
must be comparable to or lower than the contact resistance at the current leads, which is usually
in the range 1-1000 nΩ. Otherwise, current distribution will occur only at the current leads.

The following calculation estimates the upper limit to the resin resistivity, assuming a cable
length of 1 meter and a 10 µm thick layer of epoxy resin between adjacent strands. The width
of Roebel strand is 5.5 mm. The contact area of two adjacent tapes is therefore 5.5 mm∗1 m =

5.5∗10−3 m2. To achieve a inter-strand of 1 µΩ or lower the resin resistivity should be at most:

ρ =
A
l

R =
5.5∗10−3 m2

10∗10−6 m
∗10−6

Ω = 5.5∗10−4
Ωm (3.3)

Of course this is a very rough estimation, but as the resistivity of carbon-based conductive resins
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is 3 to 7 orders of magnitudes larger, they are not suitable for this purpose. On the other hand,
silver-filled epoxy resins may have sufficient conductivity to allow current redistribution.

3.6 Chemical compatibility

When REBCO tapes are punched into Roebel strands, the copper sheath is removed on one
side. At this spot the REBCO layer comes in direct contact with the resin during impregnation.
Some epoxy resins contain corrosive components that can cause damage. For example, one of
the Stycast hardeners has been shown to dissolve the REBCO layer [55].

To rule out any chemical problems, the chemical compatibility of the separate epoxy com-
ponents (resin and hardener) was tested. 10 cm long samples of conductor were used of which
the copper edges had been removed by laser cutting. The samples were submerged in 10 ml of
the component in a test tube for approximately 16 hours. The critical currents before and after
exposure to the component were compared. No degradation was observed for the Carbocond
and Araldite resins and hardeners. The Duralco resins were not tested because only a small
amount was available.

In a future production method for Roebel cables, the copper stabilizer may be added after
punching. In this case there is no direct contact between resin and superconductor, and chemical
attack is no longer an issue.

3.7 Recommendation for Roebel cables

To achieve a large reduction in thermal expansion, the epoxy resin must be heavily filled (>
50 wt%) with low-CTE fillers. The lowest thermal expansions were indeed observed in the
graphite- and fused silica-filled resins.

For impregnation purposes, there is another quantity that is important, and that is the pro-
cessing viscosity: Adding particles to a resin strongly increases the viscosity and this impedes
epoxy flow into the open spaces within the cable. The viscosities according to the datasheets
are listed in table 3.3. Both the silver and the graphite-filled resins (Duralco 125/127) are heav-
ily filled with particles and are a paste-like substance. The viscosity of these resins is too high
for them to be used for cable impregnation. The tested resins filled with fused silica (Araldite
CY5538) and Al(OH)3 (Araldite CW5730N) are also heavily filled. However, these resins can
be processed at an elevated temperature of 60 - 100 ◦C, while retaining a pot-life of several
hours. In this way the viscosity is lowered and the heavily filled resin is suitable for impregna-
tion.
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Filler Filling ratio
[wt%]

Product name Thermal
expansion
T = 300→ 4.2 K

Viscosity
[Pa s]

Silver 60 - 80 Duralco 125 -1.04 % 20 (20 ◦C)
Graphite 50 - 60 Duralco 127 -0.58 % 50 (20◦C)
Carbon particles
+ CNT

4 - 8 Carbocond 171/6 -1.18 % 6 - 8 (20 ◦C)

Graphite + CNT 4 - 8 Carbocond 471/6 -1.11 % 1 - 2 (20 ◦C)
Fused silica 50 - 66 Araldite

CY5538/HY5571
-0.82 % (50 wt%)
-0.60 % (60 wt%)

< 4.5 (80 ◦C)

Al(OH)3 56 Araldite
CW5730N/HY5731

-1.11 % 0.7 (60 ◦C)

Table 3.3: Tested epoxy resins with the measured linear thermal expansion and processing
viscosity according to the datasheet. The temperature in brackets denotes the corresponding
processing temperature. Values in red are problematic for application to REBCO tapes.

The only resin that combines a low thermal expansion with low processing viscosity is
Araldite CY5538/HY5571 with fused silica, and therefore it is the most suitable for impregna-
tion of the Roebel cable.

In this chapter, six commercially available epoxy resins have been analysed. All but Araldite
CY5538 are supplied pre-filled. Because of this, we cannot know exactly what and how much
filler is inside. In addition to the filler material, the particle size and shape may also differ.
Moreover, epoxy resins come in many different kinds for different purposes, all of which have
different properties. One should therefore be careful when making comparisons. The conclu-
sions made in this chapter do not generally apply to all epoxy resins with a specific filler. They
are just a recommendation for the most suitable system out of the six tested.
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Chapter 4

Vacuum impregnation

4.1 Introduction

To attain good reinforcement, all gaps in the cable or coil need to be filled with resin. Remain-
ing gas bubbles in the cable or coil are highly undesirable, because they can lead to an inho-
mogeneous stress distribution. There are in principle two methods to do this: the wet-winding
process, in which the resin is added to the cable just before coil winding, and vacuum impreg-
nation, in which the resin is inserted into the coil after winding. Optionally, the cable can be
stuck into a glass-fibre sleeve before impregnation. The resulting glass-fibre epoxy composite
prevents successive windings from touching each other and thus provides electrical insulation
between them.

Initially, we tried impregnation of a dummy cable using a simple method resembling wet-
winding. The cable was stuck into a glass-fibre sleeve, and epoxy resin was added to the cable
in a straight Teflon mould. Next, the cable was cycled to low pressure in a vacuum chamber,
which should help air bubbles to escape. Earlier, a similar method had been used successfully
on a less densely packed Roebel cable from General Cable Superconductors [28]. After curing
(hardening) of the resin, cross-sections of the cables were made by cutting the cable in two
with a diamond wire saw and polishing the sawed surface. The cross-sections were analysed
with an optical microscope to check the impregnation quality. Cables impregnated in this way
always ended up looking like the one in figure 4.1. There are air bubbles between the strands
and the central hole is not totally filled. It is probably the geometry of the Roebel cable with
many narrow openings and a relatively large open volume in the centre that allows air to remain
trapped. From these try-outs its was concluded that wet-winding is not suitable for these densely
packed Roebel cables.
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Figure 4.1: Cross-section of a cable impregnated by wet-winding, followed by cycling to low
pressure in a vacuum chamber. The impregnation quality is poor: there are voids in the central
hole and between the strands.

4.2 Vacuum impregnation principle

A more powerful method to get resin inside the cable is vacuum impregnation. The process
consists of four basic steps (figure 4.2). A vacuum chamber is needed with the epoxy resin and
the sample inside. First, the chamber this evacuated, removing all air from the sample. Next, the
sample is submerged into the resin, and after some time the chamber is pressurised. This is the
key step: the pressure pushes the resin into all openings of the cable that have not been filled yet
by gravity or capillary suction. Any remaining gas bubble will shrink to a small fraction of its
size. In our set-up, the atmospheric pressure is used, simply by opening the vacuum chamber.
In more advanced set-ups, higher pressures can be used. Finally, the sample can be removed
from the resin and cured.
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(d) Remove the sample.

Figure 4.2: Vacuum impregnation in four steps.
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4.3 Vacuum impregnation set-up

A small impregnation set-up was already available at KIT which had been used for impregna-
tion of REBCO pancake coils with beeswax. This set-up was modified to make it suitable for
impregnation of Roebel cables (see figure 4.3). The cable is fixed on the U-shaped outer surface
of a Teflon sample holder, which has the same shape as the sample holder for the mechanical
press at UTwente. The sample holder is fixed to the top flange of the vacuum chamber. Be-
low the sample holder, there is a brass resin container that can be moved up and down from
the outside by a steel rod. In this way, the sample can be submerged into the resin in vacuum
conditions, without opening the chamber. Inside the container is a thermocouple necessary for
controlling the resin temperature. The sample holder and resin container are inserted into the
vacuum chamber, a glass tube of which the lower part is heated by an oven. The pressure in the
chamber is controlled manually using a vacuum pump, a valve and a pressure sensor.
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Figure 4.3: The vacuum impregnation set-up at KIT, modified for Roebel cables.

4.4 Vacuum impregnated dummy cables

As discussed in chapter 3, the epoxy resin needs to be heavily filled with silica or alumina to
prevent degradation of the conductor due to a thermal expansion mismatch. These filler particles
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complicate the vacuum impregnation process. Many early attempts failed, and resulted in cables
with voids, much like those in figure 4.1. These results, however, could be used for improvement
of the process. The most useful observations were the following:

• Mixing epoxy with filler particles traps a big amount of air, visible as small bubbles.
When the pressure in the vacuum chamber is decreased, the bubbles strongly expand and
the mixture starts foaming. This effect can be so strong, that the entire vacuum chamber is
filled with foam. Companies that use filled resins on a large scale use special equipment
to mix the filler and resin under vacuum, and thus avoid trapping air in the first place.
Unfortunately such equipment was not available in the group.

We solved this problem by carefully degassing the resin after mixing: first, the mixture is
heated in a flask to reduce its viscosity. Then the flask is connected to a vacuum pump, and
the pressure is slowly decreased. At the same time, the mixture is constantly stirred with
a magnetic stirrer. This breaks large gas bubbles and prevents the foam from becoming
very large in volume. Mixtures degassed in this way did not cause foaming problems.

• Impregnation of cables in a glass-fibre sleeve always gave bad results. A possibly ex-
planation is a filtration effect: the glass-fibres are very fine and can trap particles. More
and more particles can get stuck, impeding the resin flow. Besides that, this effect can
cause an inhomogeneous particle distribution. This could be observed in one sample im-
pregnated with silica-filled resin: the resin looked transparent far away from the sides,
whereas silica-filled resin is white and opaque. Based on these results we decided not to
use glass-fibre for cables impregnated in this project.

• A high filler content is needed to achieve a sufficient reduction of the thermal expansion.
However, fillers strongly increase the viscosity slowing down the flow of epoxy. It is
therefore necessary to use a filler content which results in both an acceptable thermal
expansion and viscosity. It is also necessary to use a resin that can be processed at high
temperatures, as this decreases the viscosity and can (partly) compensate for the effect of
the fillers.

Following these observations the impregnation method was adapted to the use of epoxy
with fillers. Instead of using glass-fibre, the dummy cable was stacked in between two 100 µm
stainless steel tapes. Araldite epoxy resin CY5538 with hardener HY5571 was used, following
the recommendations of section 3.7. At 80 ◦C, this resin retains a pot-life of three hours, so
processing at this temperature is possible. The resin is filled to 50 or 60 percent of the total
weight with fused silica “Silbond FW600 EST” with a median grain size of 4 µm.
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CHAPTER 4. VACUUM IMPREGNATION

In brief, the impregnation procedure was as follows:

• Clean the sample in acetone using an ultrasonic cleaner.
• Mount the sample on the sample holder between stainless steel tapes, apply some pressure

with a piece of Teflon and copper wires.
• Mix resin, hardener and fused silica powder by hand.
• Degassing: heat the contents in a flask to 60◦ C, mix with a magnetic stirrer and slowly

evacuate to 1-2 mbar (30 minutes).
• Pour the mixture in the resin container, heat the impregnation set-up to 80 ◦C and evacuate

to 3-5 mbar.
• Wait 5 minutes.
• Raise the container to submerge the sample.
• Wait 20 minutes.
• Pressurise the chamber.
• Wait 20 minutes.
• Lower the container.
• Cure the sample at 100 ◦C for 24 hours.

The impregnation takes about 80 - 90 minutes after mixing of the components, well within
the pot-life of the resin. A more detailed procedure is given in appendix A.

Two dummy cables were prepared in this way, one using a mixture filled with fused silica to
50%, and one to 60% of the total weight. After curing, the dummies were cut in two parts with a
diamond saw, and the cross-sectional surfaces were polished. In figure 4.4, microscopic images
are shown. The sample impregnated using 50 wt% filler shows good impregnation quality: no
voids are visible between the strands or inside the central hole. On the other hand, the sample
for which 60 wt% filler was used has a void near the ceiling of the central hole. This is probably
due to an increased viscosity of the resin, that results from the higher filling ratio. The use of
50 wt% filler can be recommended.

To check if the used method is suitable for REBCO tapes, the impregnation with 50 wt%
filler was repeated on a dummy cable of which one steel strand is replaced by a real supercon-
ducting strand. The critical current of this strand was measured at T = 77 K before and after
impregnation. After that, the sample was measured once more after warming up and cooling
down, to check the effect of thermal cycling. The results are shown in table 4.1. The criti-
cal current after impregnation was 170.2 A compared to 171.7 A before impregnation. The
impregnation did not cause serious damage.
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4.4. VACUUM IMPREGNATED DUMMY CABLES

(a) Dummy cable impregnated with 50 wt% filled resin.

(b) 50 wt% fused silica (c) 60 wt% fused silica

Figure 4.4: Cross-sections of dummy cables impregnated with epoxy resin filled with fused
silica. Figure 4.4a shows the cross-section of a cable successfully impregnated with 50 wt%
silica filler. 4.4b and 4.4c are close-ups of the central hole in sample impregnated with 50 wt%
and 60 wt% filler. A void is visible in 4.4c where 60 wt% filler was used.

Ic [A] n

Before impregnation 171.7 28.1
After impregnation (cycle 1) 170.2 26.8
After impregnation (cycle 2) 170.9 28.5

Table 4.1: Critical currents and n-values of a Roebel dummy with one REBCO strand.
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4.5 Conclusion and discussion

Several dummy cables were impregnated and analysed. We found that vacuum impregnation
is necessary in order to attain good impregnation quality (no voids). The use of filled resins
together with glass-fibre results in voids and cannot be recommended. Good impregnation
quality was achieved by replacing the glass-fibre by steel tapes, and vacuum impregnation at
80 ◦C using resin Araldite CY5538/HY5571 filled to 50 wt% with fused silica powder Silbond
FW600 EST. The impregnation was validated on a dummy with one REBCO strand, and no
serious degradation of the critical current was observed.

The exact reason for the problems when using filled resin and glass-fibre together remains
unclear. The simplest explanation is filtration by the fine fibres, which disrupts the distribution
of particles. The forced flow of resin into the narrow openings between the strands may have a
similar effect. This was not a problem in our case, in which only a single cable was impregnated.
In larger structures such as coils, this may cause problems as the resin travels over a much longer
distance, and meets many more narrow openings.

Also, the effect of thermal stresses in large coils needs more attention. The bigger the vol-
ume, the bigger the total contraction, and the more the stresses build up. It cannot be guaranteed
yet that the used method will also be suitable for that purpose.
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Chapter 5

Out-of-plane bending of REBCO Roebel
cables

5.1 Introduction

The original U-shaped sample holder of the cryogenic press (section 6.2.2) was designed for
Nb3Sn cables. These cables were shaped on the holder before heat treatment, when they where
still ductile. Therefore, a small bending radius of 10 mm could be used. Roebel cables are as-
sembled from ready-made REBCO tapes that contain a brittle superconducting layer. A bending
radius of 10 mm may be too small for such cables. Several alternative sample holders with larger
bending radii have been designed. They are described in more detail in appendix B. In order to
make a decision on the sample holder design, it is necessary to know the limitations on bending
of Roebel cables.

Previous bending tests on single REBCO tapes from SuperPower have shown that these
conductors can tolerate bending to radii as low as 11 mm [56]. For Roebel cables, however,
no such tests had been done. This chapter reports on experiments in which Roebel cables were
bent in the out-of-plane (soft) bending direction.

As only one side of the substrate is coated with REBCO, the layered structure of the tape
is asymmetric. This may have an effect on mechanical properties. For example, different be-
haviour depending on the orientation of the REBCO layer has been found in transverse stress
experiments [22]. Therefore, bending was tested both with the REBCO layer facing outward
and inwards (figure 5.1).
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Copper stabiliser
REBCO
Hastelloy substrate

REBCO outside REBCO inside

Figure 5.1: Out-of-plane bending in two directions. For simplicity, only the Hastelloy, REBCO
and copper layers are shown. See figure 1.2 for a complete cross-section.

5.2 Experimental details

5.2.1 Sample description

SCS12050-AP REBCO tape from SuperPower was used (Table 5.1). The tape has 100 µm of
copper stabilization instead of the usual 40 µm. As a result the total thickness of the conductor
is 160 µm.

Spool I.D. SP-KIT-20110913-9
Internal Tape I.D. “M3-904-2 415.93-441.33”
Length [m] 25.4
Width [mm] 12.02
Thickness [µm] 160
Hastelloy substrate [µm] 50
Copper stabilization [µm] 100
Average Ic [A] 343
STDEV 0.82
Minimum Ic [A] 338

Table 5.1: Conductor specification as supplied by SuperPower

The tape had already been punched into Roebel strands with 126 mm transposition length
for another project, but 12.6 meter had not been used. From this unused section 22 samples were
cut with a length of 56.7 cm (4.5 times the transposition length). 20 strands were characterized
and assembled into two Roebel cables. Because of cutting half twist pitches, every next strand is
a mirror image and only even or uneven strands can be assembled into a cable. Cable 1 consists
of the uneven strands 1 - 19, cable 2 of the even strands 2 - 20. The remaining two strands 21
and 22 were used for bending tests on single strands. Cable 1 and strand 21 were bent with the
REBCO layer on the inside (side with the lower bending radius); cable 2 and strand 22 were
bent with the REBCO layer on the outside.
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5.2. EXPERIMENTAL DETAILS

5.2.2 Sample holder

A simple sample holder (figure 5.2) was designed and built to test the cable with various bend-
ing radii. The sample holder consists of a G10 support plate, a current lead assembly and a
cylindrical former around which the cable is bent. The cylindrical part comes in 7 different
radii: 50, 33, 26, 20, 16, 13 and 10 mm. In this way, the sample can be tested with decreasing
bending radius. Both the cylinder and the current leads are movable to adjust for bending radius
and sample length. The current leads are depressed so that the sample is directly supported by
the G10 board.

13 cm27 cm

23 cm

11.5

11.5

5
4

5
5 4

2

8

3

G10 movable

sample

Top view

Side view (not to scale)
13 cm27 cm

10 mm
5 mm

5 mm

Figure 5.2: The sample holder used for cable bending. The cylindrical part comes in six differ-
ent radii ranging from 10 to 50 mm. The sample and the current leads are in orange.

5.2.3 IV measurements

All four samples are soldered in copper current leads over a length of 13 cm. The cable section
between the current leads has a length of 18.5 cm. Voltage taps are soldered to the ends of
the cable that stick out of the backside of the current leads. In this way, no additional cable
length is needed. The downside is that any defect related to the current leads will influence the
measurements. The voltage is always measured over voltage taps soldered on the same strand.
The voltage over single strands 21 and 22 is measured over one transposition length (12.6 cm)
between the current leads.

All measurements were performed in liquid nitrogen (T = 77 K) with only the magnetic
self-field present. As described in section 2.2, the critical current is computed from IV-data
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using the 1 µV/cm criterion (i.e. 18.5 µV for cables and 12.6 µV for the single strands).

5.3 Results

5.3.1 Individual strands before cable assembly

Strands 1 - 20 were characterized before cable assembly on a straight sample holder. The
voltage was measured over 31.5 cm (2.5 transposition lengths). The computed critical currents
and n-values are shown in figure 5.3.
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Figure 5.3: Critical current and n-value of the separate strands before cable assembly.

During the punching process, the width of the tape is reduced from 12 to 5.5 mm. The
expected critical current for an ideally punched tape is therefore 5.5/12×100%≈ 45.8% of the
whole tape specification. The measurements show an average critical currents of 148.7± 1.8 A,
which is 43.4 % of the average value as specified by SuperPower. No defects were observed.

5.3.2 Bending of single Roebel strands.

Single strands were bent in both possible orientations of the REBCO layer (figure 5.1): REBCO
inside (Strand 21) and REBCO outside (Strand 22). The bending radius was decreased step by
step from 50 to 10 mm. In figure 5.4 the critical currents are shown.

No degradation of the critical current can be observed when decreasing the bending radius
down to 10 mm. Strand 22 has a critical current lower than any of the other tapes. The damage
was probably done during soldering of the current leads or mounting on the sample holder.
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Figure 5.4: Critical current of the Roebel strands with decreasing bending radii.

5.3.3 Bending of Roebel cables

The voltage taps were soldered on the strands outside of the current leads (figure 5.5). This
could be done only on six of ten strands in each cable, as the remaining four did not stick out
of the current lead far enough. Critical currents and were computed for the measured pairs and
averages are shown in the figure 5.6. Three of the strands in cable 2 (6, 8 and 16) showed
resistive behavior for an unknown reason and were excluded from the average.

r = 50 mm r = 10 mm

Figure 5.5: A Roebel cable mounted on the sample holder. The voltage taps are the thin colored
wires visible in the left of the picture. They are connected outside of the current leads.

The critical current of cable 1, which had its REBCO layer facing inwards, degraded by
63 A (≈ 6%) when the bending radius was decreased from 26 to 20 mm. Cable 2 did not show
any degradation during bending to this point. However, the number of data points is insufficient
to conclude if this difference is related to the orientation of the tape (REBCO inside/outside).

No degradation was observed when decreasing bending the bending radius further down to
10 mm. The critical currents even slightly increased for the lowest bending radii. So far no

45



CHAPTER 5. OUT-OF-PLANE BENDING OF REBCO ROEBEL CABLES

explanation for this behaviour has been found.
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Figure 5.6: Critical current of the Roebel cables with decreasing bending radii.

5.3.4 Individual strands after cable disassembly

Since the voltage was measured over the entire cable length, including the soldered contacts,
one cannot be sure about the location of any degradation. The cables were disassembled and
the individual strands were measured once more, this time only over 10 cm length including the
segment that was bent.
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Figure 5.7: Critical currents of the single Roebel strands before and after bending.

Strand 12 shows a degradation of about 24%. Statistically, however, this strand is an outlier:
the average critical current after bending is 147.7± 9.2 A, compared to 148.7 A before cabling.
This is an average degradation of less then 1%. It can be concluded that cable bending to 10 mm
causes hardly any degradation of the critical current.
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5.4 Conclusion

Degradation due to bending strain was low (< 6.5 %) to zero for bending radii in the range 10
- 50 mm. To locate the damage, the cables were disassembled and the separate strands were
measured once more, but this time only in the bent section. These measurements show that the
average degradation in the bent section was less then 1%.

Based on this results a sample holder with 20 mm bends was constructed for the press at
Twente University. The sample holder is discussed in more detail in section 6.2.3.
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Chapter 6

Transverse strength of a REBCO Roebel
cable

6.1 Introduction

In this chapter, the central question of the master assignment is addressed: “Can impregnation
reduce the transverse pressure sensitivity of REBCO Roebel cables?” To answer this question,
the critical current of a cable was measured at various pressure levels. The experimental details
are destribed in described in section 6.2, the first results in section 6.3.

6.2 Experimental details

The measurements were done in a unique set-up at Twente University, which comprises a total
of nine superconducting coils. It is capable of currents up to 50 kA, forces up to 250 kN
and a background field of 11 T (figure 6.1). The system contains a lot of low-temperature
superconducting wires, and it is therefore always operated in a liquid helium bath (T = 4.2 K).
The transformer, the press and its geometry and sample preparation are discussed.
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Iprimary

Isecondary

50 kA superconducting transformer

Resistive joint
Sample (U-shaped)

11 T background magnet

250 kN cryogenic press
F

Figure 6.1: Scheme of the press set-up.

6.2.1 Superconducting transformer

The sample current is supplied by a superconducting transformer, which was built at Twente
University [57, 58]. The transformer consists of a primary coil with a large number of turns,
and a secondary coil with just one-and-a-half turns (see figure 6.2). Both coils are wound with
NbTi wires. The secondary coil is connected to the sample, while the primary coil is connected
to a current source. The transformer amplifies the current by a factor 1000. In this way, sample
currents of 50 kA can be reached using only a small and relatively inexpensive 50 A current
source. Another advantage is that the resistive current leads between the 4.2 K transformer and
the room temperature power supply can be designed with a 1000 times smaller cross-section.
This reduces the heat flow into the cryostat and saves liquid helium.

Transformers in resistive circuits can be operated only with alternating currents, since they
rely on an induced voltage. In a superconducting transformer, the situation is different. The
secondary coil is soldered to the superconducting sample, forming a loop with the soldered
joints as the only resistive parts. Without an induced voltage due to flux coupling with the
primary coil, the current decays exponentially with a time constant τ = L/R, in which L is the
self-inductance and R the resistance of the loop. A self-inductance of about 1 µH and a joint
resistance of typically 2 nΩ result in a decay time of 500 s. This is a relatively slow decay, and
can be compensated for by slowly increasing the primary current. In this way, the transformer
can essentially be operated in DC mode for a limited time.
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Superconducting shield with Hall sensor

Primary coil

Secondary coil

Calibration coil

Rogowski pick-up coil

Correction coil (through Rogowski coil)

Joint between the secondary coil and the sample

Figure 6.2: The superconducting transformer without its steel cover. Picture from W. Wessel
[59].

Current meter

Measuring the current in the secondary coil is not straightforward. Adding a shunt resistor in
series with the coil is not an option, as it would severely decrease the decay time and thus limit
the measurement time. Direct magnetic measurements using a Hall sensor would be disrupted
by the magnetic field of the many nearby coils. A new and accurate current meter was developed
by H. ten Kate et al. specifically for use in these conditions [60, 61].

The electric scheme of the transformer is shown in figure 6.3. The core of the current meter
is the purple superconducting loop consisting of the toroidal Rogowski coil and the Hall sensor
coil connected in series. The Rogowski coil encloses the loop carrying the secondary current:
the two loops are coupled and act like another transformer. A change in secondary current
induces a current in the purple loop that does not decay. The loop current is detected by a
Hall sensor, which is located above the transformer and shielded from all other magnetic fields

51



CHAPTER 6. TRANSVERSE STRENGTH OF A REBCO ROEBEL CABLE

Figure 6.3: Electric scheme of the superconducting transformer [59].

by a thick superconducting layer of PbBi. The Hall voltage on its turn drives a power supply
that sends a current through a correction coil with 10000 turns (in green). The correction coil
is also enclosed by the Rogowski coil, but the direction of its flux is opposite to that of the
secondary current. A rise in correction current will therefore decrease the loop current. A
negative feedback loop has been formed: the correction coil current increases until the purple
loop current is back to zero. At equilibrium, the correction current is equal to 1/10000 of the
secondary current. The correction current is passed through a 10 mΩ shunt resistor, and from
this voltage the secondary current is computed.

The advantage of the correction system is that the Rogowski coil and the Hall sensor are
operated around zero current so that the current measurement is no plagued by non-linear be-
haviour of the superconducting loop or the Hall sensor. The accuracy of the system has been
shown to be better than 0.1% in its full range [61].

To test the current meter, the Rogowski coil also encloses a 125-turn calibration coil (see
figure 6.2). The calibration coil emulates a current in the secondary loop that can be directly
controlled using a current source. The current meter is tested before each series of measure-
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ments.

Feedback loop for the secondary current

Without an induced voltage, the secondary current will decay slowly due to dissipation in the
soldered joints. The control unit of the transformer features a feedback loop that can keep
the secondary current at a certain level. When enabled, the voltage over the correction shunt
resistor is subtracted from a certain set voltage (Iset and Isec in figure 6.3). The voltage difference
drives the voltage over the primary coil, ramping it until the secondary current reaches the
desired level. The set voltage can be controlled externally for automatized measurements with
a computer.

Heaters and quench protection

There are electric heaters on the secondary coil, on the Rogowski coil loop and on the supercon-
ducting shield. These heaters are used to quench the respective parts and remove any current.
The heaters can be switched on or off manually using the control unit.

The thermal stability of Roebel cables at T = 4.2 K has not been analysed yet. The cable
might quench and the resulting temperature rise might cause damage. To prevent the cable from
burning, a quench detector was installed that automatically turns on the secondary heater if its
input voltage exceeds a threshold of about 7 mV. (Basically, the relay output of the quench de-
tector was soldered in parallel with the switch in the control unit.) By quenching the secondary
coil, part of the energy stored in the loop is dissipated there, and not in the sample. The tem-
perature rise will therefore be smaller. In the experiments carried out for this assignment, the
sample did not quench, and the quench protection had not been necessary.

6.2.2 Cryogenic press

The transverse stress on the sample is generated by a superconducting press built at Twente
University [62]. The different parts of the press are shown in figure 6.4. On the bottom there
are two NbTi “pancake” coils. The currents in both coils run in opposite directions, resulting
in a repulsive Lorentz force between them up to 250 kN. The lower pancake coil is fixed to
the sample holder by the stainless steel outer structure. The upper pancake coil lifts the inner
cylinder which pushes against the sample. A pushing block with a sample-specific geometry
can be attached on top of the inner cylinder. For our measurements, the pushing block is not
attached here, but glued on the sample (see section 6.2.3). Three springs separate the upper coil
from the outer structure, to prevent the inner cylinder from being launched at high speed.
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Fixation holes for the
sample holder

Outer structure

Inner cylinder

Extensometer tip
Spring (3×)
Upper pancake coil

Lower pancake coil

Figure 6.4: The disassembled cryogenic press.

The upward force on the inner cylinder is described by the following equation [62]:

F = I2
p

∂M12

∂ z
± IpIm

∂Mm1

∂ z
−mg (6.1)

In this equation,

• Ip is the press current in A
• Im is the current of the background magnet in A
• M12 is the mutual inductance between the two pancake coils in H
• Mm1 is the mutual inductance between the upper pancake coil and the background magnet

in H
• m = 11 kg, the mass of the upper pancake coil and the inner cylinder
• g = 9.81 m/s2, the gravitational acceleration
• z is the vertical dimension

The first term is the repulsive force between the two pancake coils. The second term describes
the force on the upper pancake coil due to the background magnetic field. Its sign depends
on the relative direction of the currents in the upper pancake coil and the background magnet.
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During the measurements described in this report, the currents were anti-parallel, leading to a
repulsive force. The background field of the main magnet pushed the upper pancake coil down
and the force on the sample is decreased. The sign of the second term should therefore be
negative. The third term is a correction for the gravitational force on the movable parts.

∂M12/∂ z and ∂Mm1/∂ z can be approximated by a linear expressions depending on the dis-
placement of the upper pancake coil ∆z [62]:

∂M12/∂ z≈ a1∆z+b1 (6.2)

∂Mm1/∂ z≈ a2∆z+b2 (6.3)

With coefficients:
a1 = −2710 H/m2

b1 = 82.47 H/m

a2 = 23 H/m2

b2 = 2.277 H/m

(6.4)

Extensometer

The derivative of the mutual inductances and thereby the force depend on the displacement of
the upper coil ∆z. It is therefore necessary to measure this displacement. This is done using
an extensometer (figure 6.5). A cylinder with a sharp tip is fixed on the upper pancake. The
tip pushes against a plate of a titanium-alloy. This plate is fixed to the outer structure of the
press, to which the lower pancake coil is also fixed. Four strain gauges in a Wheatstone bridge
configuration are glued onto the plate. The Wheatstone bridge configuration ensures a high
sensitivity and a linear response. A current of 1 mA is used to excite the bridge.

The extensometer was calibrated by W. van de Camp [63, p. 76]. A linear calibration factor

Figure 6.5: The extensometer.
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was determined of 1.080 V/m at room temperature and 1.046 V/m at T = 77 K. For measure-
ments at T = 4.2 K, the calibration factor 1.046 V/m is used.

6.2.3 Sample holder and pushing block

The background magnet has an inner bore of 8 cm. A U-shaped sample holder is used to attain
a horizontal measurement section in the center of the magnet (figure 6.1). The original sample
holder had 10 mm radius bends and a 46 mm straight section in between. This holder was used
to test Nb3Sn cables which were reacted in the required shape, so the low bending radius was
not a problem. REBCO cables are always made from ready-made tapes, which contain a brittle
REBCO layer. The bending properties of the cable therefore need to be taken into account. In
chapter 5, we show that, at 77 K, Roebel cables can be bent down to a 10 mm bending radius
without degradation. Still, we chose to use a sample holder with 20 mm bending radius to leave
some margin for additional stresses, which could result from impregnation, further cool-down
to 4.2 K or Lorentz forces. The bending radius of one sample holder was increased to 20 mm
by spark erosion (see figure 6.6a). The remaining straight section has a length of 26 mm.

The pushing block is shown in figure 6.6b. The face that presses the cable has is 12 mm
wide and 30 mm long, corresponding to 24.8% of the transposition length. The pushing block

(a) Sample holders (b) Pushing block

Figure 6.6: (a) An original sample holder with 10 mm bending radius (left) and the modified
sample holder with 20 mm bending radius (right). (b) The pushing block. The lower side is the
side facing the cable.
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is longer than the straight section of the sample holder. This is done to avoid a high local strain
at the corners of the pushing block. The two rectangular holes are used to position the pushing
block so that its surface is parallel to the inner cylinder of the press. This ensures that the
pressure is evenly applied to the cable. The pushing block is then glued to the sample in this
position over 30 mm. The sides of the pushing block are covered in Kapton polyimide tape,
to prevent unwanted adhesion to the sample holder. The top is also covered in four layers of
Kapton tape. The idea is that this soft layer will redistribute the force if the pushing block is
still not properly aligned to the inner cylinder.

For calculation of the stress, a sample length of 30 mm is used, even though the straight
section of of the sample is only 26 mm. As the pushing block is 30 mm long, this corresponds
to the largest possible pressed surface, i.e. the minimum average pressure.

A 30 mm sample length is assumed as well of for determining the critical current. The
critical current of a Roebel cable is strongly dependent on the orientation of the magnetic field
(see figure 1.1). A voltage will therefore arise only in the cable section where the angle between
the wide surface and the magnetic field is close to 90◦. As the straight section of the cable is
short compared to the bends, this length is not well-defined. For determining the critical current,
a sample length of 30 mm is used, corresponding to the pushing block length. The motivation
is that all damage due to pressing will occur in this segment.

More information about the sample holder design can be found in appendix B. Technical
drawings can be found in appendix C.

6.2.4 Sample description and preparation

The cable was made from SuperPower SCS12050-AP REBCO tape. This tape is 12 mm wide,
has a 50 µm thick Hastelloy substrate, 2 µm silver and 40 µm copper stabilization. More

Spool I.D. SP-KIT-20131011
Internal Tape I.D. “M3-1081-2” 984.05-1049.05m
Length [m] 65
Width [mm] 12.00
Thickness [mm] 0.93
Ic average [A] 398
STDEV [%] 1.52
Ic minimum [A] 390

Table 6.1: Conductor specification as supplied by SuperPower. The critical current was mea-
sured at T = 77 K and in self-field.
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conductor specifications are listed in table 6.1. A 75 cm long, 10-strands cable was prepared
from this tape following the procedure in section 2.1.

Next, the cable was mounted on the sample holder. The REBCO side of the cable faced
the sample holder, as this side will be soldered to the transformer. This orientation is used
for a lower contact resistance, as in opposite orientation the current would be forced to flow
through the copper edges of the tape or through the highly resistive substrate and buffer layers.
At the horizontal segment, the cable is supported against the sideways Lorentz forces by thick
steel plates. In the vertical section, the cable experiences a small outward Lorentz force caused
by its own magnetic field. The cable is supported by steel plates against this force too. All
metal surfaces that can be touched by the cable were covered with Kapton polyimide tape for
electrical insulation. Pairs of voltage taps were soldered on three strands over a distance of one
transposition length (figure 6.7a). A block of Teflon was pushed against the horizontal segment
to create a flat epoxy surface and prevent it from flowing out during the curing process (figure
6.7b).

The cable was impregnated using the same procedure that was successfully used on dummy
cables. This method is described in section 4.4 and appendix A. The impregnation set-up used
at UTwente is very similar to the one used at KIT. The main difference is that the sample holder
and resin container are heated using heating resistors instead of an oven. Because the resin
container is bigger, 280 g of resin needs to be prepared.

Figure 6.7c shows the cable after impregnation. The surface looks flat with the naked eye
and no bubbles are visible in the resin. The big dark stain was already there before impregnation.
Next, two layers of glass cloth with Stycast 2850FT/23LV epoxy were added to the cable. The
pushing block was positioned in the epoxy using two spark eroded plates which were fixed to
the sample holder with the 25 mm fixation cylinders. This method makes sure that the pushing
block is properly aligned to the press. The distance between the lower side of the pushing block
and the sample holder is 1.5 mm, leaving an approximately 0.8 mm thick layer of epoxy. The
positioning plates were removed after the glue had become dry. Figure 6.7d shows the pushing
block glued in place.

Then the sample holder was attached to the transformer. The Roebel cable was soldered
between the transformer cable and a copper plate over a length of 126 mm with Sn97Ag3 solder.
A hot plate was used to heat the cables.

Finally, the sample was fixed to the sample holder. At the current leads, this was done by
wrapping it in glass fibre tape with Stycast epoxy. Below the current leads, the cable was fixed
with four pairs of stainless steel plates screwed together, replacing the tie-wraps in figure 6.7b.
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6.2. EXPERIMENTAL DETAILS

(a) Voltage taps on three strands. (b) Cable prepared for impregnation.

(c) After impregnation. (d) Pushing block glued in place.

(e) Current contact before soldering. (f) After soldering.

Figure 6.7: Preparation of the sample.
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6.3 Results

6.3.1 Critical current of separate strands

Before cable assembly, the separate strands were measured in a liquid nitrogen bath (T = 77 K)
and no external magnetic field. The voltage was measured over a distance of 67 cm. The strands
had an average critical current of 173.3± 2.0 A, 43.5% of the specification of the unpunched
tape. For an ideally punched tape this value would be 45.8% (see section 5.3.1). The average
n-value was 29.0±1.0. No defects were found; all strands could be used for cabling.
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Figure 6.8: Critical currents and n-values of the separate strands.

6.3.2 Joint resistance

The secondary loop is basically an RL-circuit. Without an induced voltage from the primary
coil, the current decays exponentially with a time constant τ:

I(t) = I0 e−t/τ (6.5)

τ = L/R (6.6)

The self-inductance of the loop is approximately L = 1 µH. The loop resistance R can be
computed from the time constant by observing the current decay when the feedback system
is switched off.

A current of about 1 kA was induced, without external magnetic field and without applied
pressure. The current decay over time is shown in figure 6.9. The current was found to decay
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Figure 6.9: Decay of the sample current due to joint resistance.

exponentially with a decay time of 163 s. The loop resistance is therefore

R = L/τ = 6.13 nΩ (6.7)

or 3.06 nΩ per joint. The joints have an area of 12 mm× 126 mm, thus the surface resistivity
is:

3.06 nΩ∗12 mm∗126 mm = 4.63∗10−12
Ωm2 (6.8)

This is a slightly lower value than the 8.92∗10−12 Ωm2 reported by J. Fleiter [25].
Since the self-inductance value is only an estimate, the computed joint resistance is not

very accurate. The self-inductance for this specific sample geometry must be computed more
accurately for a better determination of the joint resistance.

6.3.3 Initial pressure loading

Figure 6.10 shows the displacement of the upper pancake coil as a function of the upwards
force. A force of about 966 N is needed to lift the coil and the cylinder. This is higher than the
mg = 108 N force due to gravity mentioned in section 6.2.2. An explanation for the difference
is the fact the the force due to the three springs (figure 6.4) is not included in the force equation.
From now on, 966 N is taken as a zero point for force on the sample:

F = I2
p(a1∆z+b1)− IpIm(a2∆z+b2)−F0 (6.9)

with the coefficients a1,b1,a2 and b2 as in equation 6.4 and F0 = 966 N.
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Figure 6.10: Displacement of the upper pancake coil at low forces.

6.3.4 Transverse pressure dependence of the critical current

After initial loading, the background magnet was ramped to 10.5 T (Im = 84.4 A). In figure
6.11, the first successful IV-measurement is shown. The voltage could be measured over the
current leads and over one strand near the horizontal section of the cable. Of the two remaining
voltage pairs, one was used as input for the quench detector, and one did not yield useful data,
possibly due to a short circuit. The voltage over the current leads shows a 6.5 nΩ resistive slope
superimposed on the superconductor characteristic. This is consistent with the result from the
current decay (6.3.2) and is hence likely due to the resistive joints. For computing the critical
current, the voltage over the strand is used. As a sample length of 30 mm is assumed, the voltage
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Figure 6.11: IV-curves made at a pressure of 4.09 MPa. The voltage was measured over the
current contacts and over one strand near the horizontal section. The critical current is 2070 A.

62



6.3. RESULTS

criterion is 3 µV.

The initial critical current of the cable was 2.07 kA. For comparison, J. Fleiter measured a
critical current of 2.4 kA in a similar cable in a 9.6 T magnetic field [25]. However, Fleiter’s
cable was made of a different batch of REBCO tapes that had a lower critical current at 77 K.
Also, the ratio of the critical current at T = 77 K, B = 0 T and T = 4.2 K, B = 10.5 T may be
different for the two cables. This comparison can therefore not be used to verify that our cable
was not damaged by impregnation.

Figure 6.12 shows the critical current as a function of the transverse stress. The transverse
stress was calculated by dividing the force by the 12 mm× 30 mm sample area. The stress
was increased in steps of about 10 MPa. At 262 MPa, the first degradation was observed, a
decrease of about 4%. At 318 MPa, the critical current decreased by a further 21%. After the
first degradation, each increase in pressure was followed by a measurement at 85 MPa. None
of the degradation was reversible.
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Figure 6.12: The critical current as a function of transverse stress.

The measurements show that the impregnated cable could withstand transverse pressures
up to 253 MPa. This is a significant increase in strength compared to D. Uglietti’s experiments
[23], especially in view of the design requirement of approximately 150 MPa for accelerator
magnets.
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6.3.5 Microscopic analysis

In order to verify that also this impregnation went as planned and to check for possible damage
due to the transverse stress, a cross-section of the sample was made for optical inspection. The
cable and the pushing block to which it was still glued were cast in epoxy. Material was removed
by sanding until the pressed section reached the surface. The surface was polished and pictures
were made using an optical microscope.

Figure 6.13 shows an overview of the cable cross-section. The impregnation quality of the
cable looks good; there are no bubbles visible. In the Stycast layer with which the block was
glued to the cable, there are some holes because no vacuum was used. The thickness of the
whole structure is close 1.45 mm over the entire width. Including the 50 µm Kapton insulation,
the distance between the sample holder and pushing block was 1.50 mm, as designed.

Casting epoxy

Stycast with glass fiber

Pushing block

Impregnation epoxy

2 mm

Figure 6.13: Overview of the cross-section. The upper surface was on the sample holder.

Note that the impregnated cable by itself is thicker on the left than on the right, probably
because the Teflon block was not exactly parallel to the sample holder. The difference in height
is corrected by glueing the pushing block using the positioning plates.

The only visible damage is delamination of the tapes closest to the sample holder. It’s clearly
visible in figure 6.14. The delamination may have occurred when the cable was removed from
the sample holder. This was the only step in which a ‘pulling’ force was needed. Since the
cross-section was made after many steps (cable assembly, impregnation, cool-down, pressure
test, warming-up and finally removal from the sample holder), we cannot be entirely sure when
the delamination occurred.
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Figure 6.14: Close-ups of the left end, the central hole and the right end. Delamination is visible
in the upper right tape.

6.3.6 Discussion

As shown in figure 6.7d, the pushing block is glued to the cable using Stycast epoxy. At the
writing of this report, a remaining point of discussion is the bond between the pushing block
and the stainless steel plates besides the sample. If the block is glued to these plates, a part of
the force is directly transferred to the sample holder, leading to a lower pressure on the cable. To
avoid a strong bond, both the pushing block and the plates were covered with Kapton polyimide
tape. This tape has a silicone adhesive, which has a relatively low lap-shear strength of 1.7-
3.4 MPa [64, p. 171]. On both sides of the pushing block, an area of 12 mm×30 mm is facing
the side plates. Assuming that the entire area is glued, the bond could transmit a force of:

2∗12 mm∗30 mm∗3.4 MPa = 2.5 kN (6.10)

This corresponds to a maximum error of 6.8 MPa in the sample pressure, 2.7% compared to its
253 MPa strength. In reality, not the entire area was glued, so the error should be lower.

A second discussion point is that the pressed section (30 mm) is shorter than the transposi-
tion length (126 mm). In the pressed section, only four out of ten strands have a ‘bridge’ from
one side of the cable to the other, which is where stress concentrations occur. As a result, the
measured degradation would be lower than in the case of a longer pushing block. This should
however not affect the point of onset of the degradation.

6.4 Conclusion

A REBCO Roebel cable was vacuum impregnated with a mixture of epoxy resin and fused
silica powder. The impregnated cable was tested in a transverse press set-up at T = 4.2 K,
B⊥ = 10.5 T. The initial critical current was 2070 A. Pressures up to 327 MPa were applied to a
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30 mm long pushing block, which was glued onto the cable. No degradation was observed for
pressures up to 253 MPa. After further loading to 327 MPa, the critical current decreased by
21%. The degradation was not reversible.

These results provide a first encouraging indication that suitably impregnated REBCO Roebel
cables can indeed withstand the transverse pressure levels occurring inside the winding pack of
a dipole-type accelerator magnet.
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Chapter 7

Conclusions and recommendations

The aim of this assignment was to find out whether impregnated REBCO Roebel cables can
withstand the transverse stresses up to 150 MPa in an accelerator magnet. Before the stress test
could be done, a suitable impregnation material and method had to be found, and the effect of
out-of-plane bending needed to be determined. A new U-shaped sample holder for the press
was constructed according to the measured bending properties. A REBCO Roebel cable was
impregnated on this sample holder, and subjected to pressures up to 327 MPa.

In chapter 3 and 4, impregnation materials and techniques were discussed. A mixture of
high-temperature processed epoxy and fused silica was found to be suitable for the cable exam-
ined in this work. Using vacuum impregnation, a dummy cable was successfully impregnated
with this material. The critical current of a dummy cable with one superconducting strand was
not affected by impregnation.

The out-of-plane bending experiments on two Roebel cables were described in chapter 5.
Bending to radii as low as 10 mm hardly damaged the cable. Based on these results, a new
sample holder for the transverse press was designed with bends of 20 mm radius.

The central question of the assignment was addressed in chapter 6. Here the measurements
of an impregnated Roebel cable in a transverse stress set-up with superconducting transformer
were described. A new technique was used to apply homogeneous transverse loads to samples
with an inhomogeneous thickness. Transverse stresses up to 253 MPa did not damage the cable.
This is a significant improvement compared to previous measurements of bare Roebel cables.
Also, it is a first indication that a suitably impregnated Roebel cable can withstand the stress
levels of 150 MPa in a future accelerator magnet.

At the time of writing, this project is still work in progress. One sample has now been
finished, but at least two more will be measured. The next measurement will be a repetition of
the first one, but with shorter side plates. This will be done to have more data and to address
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the discussion point described in section 6.3.6. Secondly, a cable with a different lay-out will
be tested; it will consist of nine strands instead of ten. Recent work by J. Fleiter has shown that
the number of strands influences the effective area of the cable under a transverse load [65].
A cable with nine strands was found to have a much smaller effective area than one with ten
strands. With the test of a nine-strand cable we aim to determine whether the effective area can
predict the transverse strength of impregnated cables.

Accelerator magnets need to function for many years, without degrading under their own
Lorentz forces. Therefore, the effect of repeated loading on Roebel cables must also be in-
vestigated. This is in principle possible in the current set-up, but it would take a lot of time
since the press is manually operated. For such measurements, some automation would be an
improvement.
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to thank my direct supervisors Marc Dhallé and Anna Kario. I would like to thank Wilfried
Goldacker and Marcel ter Brake for giving me the opportunity to work in their groups. I also
thank the technicians Brigitte Runtsch, Andrea Kling, Uwe Walschburger, Bernd Ringsdorf and
Sander Wessel. Your work was essential for all experiments. Among other things, I thank
Brigitte for help with optical microscopy, Andrea for preparation of the cables and the bending
tests, Uwe for construction of the equipment for bending and impregnation, Bernd for the char-
acterisation of strands at 77 K and Sander for the modifications to the transformer press set-up
and help with operation. The measurements for the characterisation of epoxy resins were per-
formed by Nadezda Bagrets and Sandra Drotziger, I thank them for that. Thanks Rainer Nast
for preparation of the samples for the chemical compatibility tests. And thanks Peng Gao for all
the measurements we did together. Finally, I would like to thank Hubert Wilbers from Hunts-
man corporation for providing free samples of their epoxy resins and Quarzwerke for supplying
the fused silica powder.

69





Appendix A

Impregnation procedure

In this appendix the impregnation procedure is described which was used for successful im-
pregnation of the sample discussed in section 4.4. The amount of filler is 50 wt% of the total
mixture weight.

Materials:

• 30 cm Roebel dummy
• 2×5 cm of stainless steel tape with 12 mm × 0.1 mm cross-section
• 30 g Araldite CY5538 (resin)
• 30 g Araldur HY5571 (hardener)
• 60 g fused silica powder Silbond FW600 EST (4 µm median particle size)
• Copper wire and Kapton tape to fix the sample
• Vacuum equipment: pump, valve, tubes and pressure gauge
• Vacuum mixing set-up: flask with thermocouple and connection to a vacuum pump,

heater with magnetic stirrer (figure A.1a)
• Spoon, cups, scale, ethanol, acetone, ultrasonic cleaner, paper towels etc.

Method:

• Set the “vacuum oven” to 105 ◦C, aim for 80 - 90 ◦C inside the vacuum chamber
• Set the chemical dryer to 100 ◦C
• Clean the sample and the steel tapes in acetone in the ultrasonic cleaner for 15 minutes
• Put the sample on the sample holder between the two steel tapes, lay the thick Teflon

sheet on top of it
• Force the lower section of the sample into a straight shape with copper wire (figure A.1c)
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• Fix the rest of the sample to the sample holder with Kapton adhesive tape
• Attach the sample holder to the flange and insert it in the vacuum oven (also heat the resin

container)

• Mix the resin, hardener and silica powder in a beaker and heat to 40 - 60 ◦C. It is the
easiest to add the powder in small portions and mix it before adding the next one.
• Pour the contents in the vacuum flask, connect the vacuum pump and the thermocouple
• Evacuate to 30 mbar, turn on the magnetic stirrer and heat again to 60 ◦C
• When the foam has gone down, lower the pressure slowly to 1 - 2 mbar (just above the

vapour pressure)
• Mix for about 30 minutes, until only a few gas bubbles are visible
• Remove the vacuum, and pour the mixture into the beaker
• Heat the mixture to 80 ◦C
• Remove the sample holder and resin container from the vacuum oven
• Add 20 ml of resin to the brass container with a syringe (resulting in ∼15 mm liquid

level)
• Move the container into position for insertion (red line on the rod, then the distance from

flange to the bottom of the container is 40 cm)
• Insert the set-up into the vacuum chamber and evacuate to 5 mbar

• Wait at least 5 minutes to degas the resin for the second time, wait some more if the
temperature has not reached 80 ◦C
• Slowly raise the resin container until the sample hits the bottom (in ∼1 minute)
• Wait for 20 minutes
• Remove the vacuum and wait 20 minutes
• Remove the sample holder from the vacuum chamber
• Wait until the temperature has dropped to < 60 ◦C
• Remove the sample slowly from the resin container,
• Add Teflon pieces on both sides to prevent the resin from falling out. You can stick them

behind the copper wires used to straighten the cable (figure A.1d).
• Impregnation is finished: put excess resin in a cup
• Clean up the mess with ethanol/acetone/soap and paper towels. The flask and the resin

container are best cleaned with acetone in the ultrasonic bath.
• Cure 24h/100◦C in the chemical dryer

For the first few samples a curing temperature of 130 ◦C was used. This led to buckling
of a tape in a sample not described in this report. After correspondence with Huntsman it was
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(a) Vacuum flask with magnetic stirrer and ther-
mocouple

(b) Fully fixed sample

(c) Pressure is applied using piece of Teflon and
copper wire

(d) Pieces of Teflon to prevent epoxy leaking out

Figure A.1
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decided to use a lower curing temperature of 100 ◦C, to reduce thermal stresses after cool-
down.
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Appendix B

Press design

Note: The following appendix was written in an early stage of the project. It is therefore not

totally up-to-date: for example, the use of glass fibre is still assumed. After measurements of

the minimum bending radius of Roebel cables, it was found that a press geometry with a flat

anvil should not pose problems. After that, the calculations done in this section were not very

useful anymore, and I decided not to update them.

The original sample holder is not suitable for Roebel cables, as its bending radius of 10
mm is too low. The minimum bending radius for SuperPower REBCO tapes is 11 mm [66].
At the start of this project is was forseen that for Roebel cables this value would be somewhat
larger because the strands are already subjected to some torsion strain due to cable assembly. As
shown in chapter 5, these expectations were overly pessimistic, which measured cables showing
no significant degradation down to bending radii of 10 mm.

Several new designs with larger bending radii were considered (see table B.1 and figure
B.1). Designs 1, 2 and 3 have a shorter straight section to increase the bending radius; 4, 5, 6
and 7 have no straight section at all and need a cylindrically shaped anvil. All designs have a
total sample holder width of 66 mm, and the thickness of the sample is assumed to be 1.5 mm.
The cable geometry is periodic over 12.6 mm. All anvils press over a whole number times this
length.

Sample holders without straight section allow for a large bending radius, but they have some
other problems:

• The perpendicular magnetic field component is not homogeneous over the pushing length,
which means that the critical current is also not homogeneous over this section.

• The force is not perpendicular to the cable surface everywhere. This will lead to shear
stress additional to transverse compressive stress. Shear stresses are undesirable because
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Design Bending
radius
[mm]

Straight
section
[mm]

Maximum
angle

Anvil
length
[mm]

Pushing
length
[mm]

Original 10.0 46.0 0◦ 45.0 45.0
1 13.6 38.8 0◦ 37.8 37.8
2 19.9 26.2 0◦ 25.2 25.2
3 26.2 13.6 0◦ 12.6 12.6
4 33.0 0 41.9◦ 46.0 50.4
5 33.0 0 31.4◦ 35.9 37.8
6 33.0 0 20.9◦ 24.6 25.2
7 33.0 0 10.5◦ 12.5 12.6

Table B.1: Parameters for the seven new press designs.

Anvil length 

Pushing length 

Straight section 

Bending radius 

  

Original 

4. 

1. 2. 3. 

5. 6. 7. 

  

Maximum angle 

Figure B.1: Sketches of the different press designs. The 1.5 mm thick sample is in purple.
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we want to assess the effect of pure transverse pressure. The shear stresses are computed
using Comsol.

• The outside of the curved cable will have a slightly larger bending radius than the inside.
This means that, in order to make a good fit, the anvil needs to have a slightly larger bend-
ing radius than the sample holder. This radius depends on the thickness of the sample, so
once the anvil is made it can be used for only one specific thickness. If there is no good
fit, the pressure will be concentrated in the center or at the ends of the anvil.

All these effects can be reduced by using a shorter anvil, decreasing the maximum angle
between the surface of the cable and the force and magnetic field (e.g. design 7). However this
will lead to a shorter section subjected to pressure.

A flat anvil seems much preferable. If we can prove that 19.9 mm bending radius does not
destroy the cable, we can use design 2.

Comsol calculations on round-anvil designs

Geometries 4 to 7 were inserted into a 2D Comsol model. For the sample holder and the anvil,
the material properties of stainless steel 304 at 4 K were used. Our cables will probably consist
largely of fiber glass and epoxy resin, so I used the properties of G10 fiber glass epoxy for the
sample.

Material Density [kg m−3] Young’s modulus [GPa] Poisson’s ratio

Stainless steel 304 (T = 4 K) 7860 210 0.279
G10 (room temperature) 1650 28 0.2 1

Table B.2: Relevant material properties from Ekin [67]

More details about the simulation:

• The linear elastic model is used from the structural mechanics module.

• A free triangular mesh is used with the element size set to “extremely fine” near the
pressing surface and “finer” everywhere else.

1This value is not from Ekin but it is an educated guess. Because of the anisotropic nature of fiberglass-epoxy,
the Poisson’s ratio is actually dependent on the angle relative to the glass fibers. It ranges from 0.06 to 0.32 at
room temperature, for T = 4 K I could not find any value.
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• A stationary solver is used.

• The top of the sample holder has a fixed position. A pressure of 100 MPa is applied to
the lower surface of the anvil part.

Comsol evaluates the Cauchy stress tensor σσσ in the entire geometry. The normal stress σσσnnn

at the outer surface of the sample is computed by taking the dot product with the normal unit
vector nnn.

σσσnnn = σσσ ·nnn =

[
σxx σxy

σxy σyy

][
nx

ny

]
=

[
nxσxx +nyσxy

nxσxy +nyσyy

]
(B.1)

The magnitude of the normal stress is:

|σn|=
√
(nxσxx +nyσxy)

2 +(nxσxy +nyσyy)
2 (B.2)

The shear stress τττ is the stress parallel to the surface, so normal to the normal vector:

τττ =

[
σxx σxy

σxy σyy

][
ny

−nx

]
=

[
nyσxx−nxσxy

nyσxy−nxσyy

]
(B.3)

The magnitude of the shear stress is:

|τ|=
√
(nyσxx−nxσxy)

2 +(nyσxy−nyσyy)
2 (B.4)

The computed normal and shear stresses for the different geometries are shown in figure
B.2. The normal stress is close to the expected 100 MPa in the middle of the anvil, especially
for the wider designs 4 and 5.

Both the shear stress and normal stress are the highest at the edges of the anvil, because
of high local deformation. This effect is probably weaker in reality, because the edges are not
“infinitely sharp” as in this model. Anyway, it makes sense to round the edges of the anvil
slightly before using it.

The computed shear stress may be exaggerated in this model because the sample cannot
move with respect to the sample holder and the anvil. It is as if the sample is glued between
both parts. In reality the sample is not fixed to the anvil, and this will relieve part of the shear
stress.
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Figure B.2: Normal and shear stresses at the interface of the sample and the anvil for the differ-
ent cylindrically shaped anvils, calculated using Comsol. The applied pressure is 100 MPa.
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Technical drawings
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