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Abstract

Ferromagnetic Artificial Pinning Centers in Superconducting Niobium-
Titanium Wires
Nicholas David Rizzo
1997

Ferromagnetic artificial pinning centers were used in superconducting NbTi wires
to achieve a large critical current density (J,) in a magnetic field. The wire processing was
developed to make four wires that contained nanometer-sized arrays of Ni or Fe pins inside
micron-sized filaments of a Nbg 3¢Tiges alloy. The optimum pin size and spacing for
maximum J,. was approximately S nm and 30 nm, respectively. A ferromagnetic pin
volume of only 2% Ni produced J.'s (e.g., 2500 A/mm? at 5 T, 4.2 K) that were
comparable to those of other NbTi wires that have pin volumes ranging from 12% to 20%.
Therefore, ferromagnetic artificial pins are more effective than nonmagnetic pins for a
given volume percent.

Saturation Magnetization measurements on the wires showed a correlation between
an increase in the amount of Ni remaining ferromagnetic in the wires and an increase in J...
These results suggest wires with larger volumes of Ni may have even higher J.'s. The
critical temperature (7,) of the best wire with Ni pins was only slightly depressed (T, = 8.6
K) from the measured bulk value for Nbg3sTiges (T. = 9 K), suggesting that proximity
effects from the Ni are not severe.

Wires with small superconducting filament diameters (0.3 pm) displayed enhanced
J. at low fields (B £ 5 T) that was attributed to pinning at the filament surfaces. Finally,
for wires with large filaments, the optimum bulk pinning force (F),) dependence on B was
well described by the form F, o< b'/2(1-b) where b = B/H ., and H,, is the upper critical
field of the superconductor. This form is interpreted as a general result of the large
optimum pin spacings in our APC wires.

This thesis research was the result of a collaboration between Yale University and

IGC-Advanced Superconductors (Waterbury, CT).
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Chapter 1. Introduction

To achieve a high critical current density (J,.) in a magnetic field, a bulk type-II
superconductor must have defects or second-phase inclusions that pin the vortex lattice.
The strongest pinning, or highest J. usually occurs when the pin spacing is roughly
comparable to the vortex lattice spacing a (e.g., a ~22 nmat 5 T). (As will be seen
below, the optimum pin spacing for maximum J. in NbTi can actually vary quite
substantially, from 3 to 40 nm.) The nanometer spaced pins can be produced in NbTi --
the dominant material used for commercial magnet applications -- using either the
conventional approach or artificial pinning centers (APCs).

The conventional approach, used by commercial wire manufacturers, is a
thermomechanical process that consists of applying long heat treatments (typically 80 hours
at 420 °C, [Meingast (1989a)]) to a wire containing a homogeneous Nbg 16T 64
(Nb47wt%Ti) alloy and then drawing the wire. (The term 47wt% in Nb47wt%Ti refers to
the weight percent of Ti in the alloy. For the remainder of this thesis, the term NbTi will
refer to the Nbg 36Tiges alloy, unless otherwise specified.) The heat treatments cause
submicron-sized particles (~ 0.2 um) of o-Ti to precipitate out of the homogeneous NbTi
matrix. The wire is drawn to reduce these Ti pins to the optimum nanometer thickness (~
1-2 nm) and spacing (~ 3-6 nm) [Meingast (1989a)] (see Fig. 1.1). The maximum Ti pin
volume that can be precipitated is thermodynamically limited to approximately 24% [Lee
(1994)]. Wire manufacturers have successfully made long lengths of optimized
conventional wire that typically has J,. = 2500 - 3500 A/mm? in a magnetic field of 5 T and
at a temperature of 4.2 K (See Fig. 5.7). As a comparison, cold-worked NbTi that
contains only grain-boundaries as pinning centers has J. = 500 A/mm? (4.2 K, 5 T) [Lee
(1990)].

In recent years, researchers have also used artificial pinning centers (APCs) as pins

in NbTi wires. In the APC approach, pins are placed in the NbTi at a macroscopic size
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Fig. 1.1. Cross section of conventional NbTi wire at optimum pin spacing for maximum
J. [from Cooley (1991)]. The lighter ribbon-like bands are the a-Ti pins and the darker

areas are the superconducting NbTi.

(~ mm) and then the composite wire of NbTi and pin material is repeatedly drawn to
produce nanometer pin thickness and spacing. For example, one method of producing the
initial APC composite is to stack rods of pin material along with rods of NbTi (see Fig.
3.1). Other types of pin shape and spatial distribution are discussed below, both of which
make up what is referred to as the overall pin geometry. The subsequent drawing of the
composite wire consists of a restack and draw process discussed in detail in chapter 3 (see
Fig. 3.2 for a schematic of the APC process).

The APC approach has several advantages over the conventional process. First,
there is actually a choice for the type of artificial pin material, while conventional pins are
limited to &-Ti precipitates. In principle, an artificial pin material can be anything that has
good ductility and a mechanical strength that is compatible with the strength of NbTi. Pin
materials that have been used include Nb, Ti, or V [Dorofejev (1995)], Nb alloys [Cooley
(1993), Heussner (1997a)] (all low-field superconductors), and Cu [Motowidlo (1992a)
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(1992b)] (a normal metal). Second, the pin volume percentage can be varied over a greater
range than in conventional wires. The APC volume percentage is only limited by the
requirement of mechanical stability of the wire during drawing. In practice, the optimum
pin volume has been found to be between 20% and 30%, although APC wires have been
made that had a pin volume of up to 50% [Motowidlo (1992b)]. Finally, the pin shape and
spacing can be better defined than the random distribution found in conventional wires.
Presumably, a more uniform pin distribution would provide more uniform, stronger
pinning in the APC wires. These advantages have made it possible to achieve much higher
J.'s in APC wires than in conventional wires for magnetic fields B <6 T. For example, an
optimized APC wire with Nb pins has achieved a J. = 4600 A/mm? at 5T, 4.2 K
[Heussner (1997b)].

APC wires are not without their disadvantages, however. Proximity effects from
the nanometer-spaced artificial pins can reduce the upper critical magnetic field for
superconductivity (H,,) by several Tesla. (Homogeneous Nbg 35Tiges has H.2(4.2 K) = 11
T. [Collings (1986)]) Therefore, the J. of APC wires in high fields is also reduced because
J. goes to zero as the magnetic field B approaches H.,. Conventional pins do not cause
such a large reduction of H.,. Therefore, while APC wires can have larger J.'s in low
magnetic fields (B < 7 T), conventional wires usually have larger J.'s in higher fields
because of their larger H.,. The reasons for the absence of significant H,, reduction by ¢-
Ti pins are not presently understood.

An additional disadvantage of the APC process is that a much larger amount of wire
drawing is necessary to reduce the large artificial pins to nanometer size and spacing.
Work hardening of the pins and even hardening of the NbTi under such extreme strains can
cause the wire to break up during drawing. In addition, even with ductile material, a poor
overall wire geometry or a lack of bonding between the elements in the wire can also cause

catastrophic wire breakage.






