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Abstract—A NbTi superconducting joint technology applied for
MRI/NMR has been developed with a cold-pressing method. The
plastic deformation microstructure of the fabricated joint was
investigated by using scanning electron microscopy and optical mi-
croscope. The joint resistances were tested using coil current decay
method. The contact resistance properties of the superconducting
joint were investigated. The evolution of plastic deforming and
the electrical contact characteristics of the NbTi superconducting
joint are discussed. It is believed that the contact resistance is
composed of constriction resistance and film resistance. With the
pressure increasing, the dominant factor is changed from the
film resistance to the constriction resistance. Finally, the joint
resistance is inversely proportional to the cubic root of applied
pressure. The joint resistance correlates with the increase in plastic
deformation with increased pressure.

Index Terms—Cold-pressing, contact resistance, plastic defor-
mation, superconducting joint.

I. INTRODUCTION

ECENTLY a series of superconducting magnets with the

characteristics of high homogeneity and high stability
were constructed in our laboratory, including the 400 MHz
superconducting nuclear magnetic resonance spectrometer
(NMR) magnet [1] and the 9.4 T large bore magnetic resonance
imaging (MRI) magnet [2], [3]. For MRI/NMR measurements,
field stability higher than ~0.1 ppm/h is required. To achieve
this, the main coils of the magnet are joined in series with
superconducting joints and the magnets are operated in per-
sistent mode. Field stability of a magnet depends on the re-
sistance in the coil circuit and inductance. The total resistance
in the circuit is equal to the summation of wire resistance in
each coil and joint. The superconducting wire resistances can
be ignored in case there is a considerable current margin in
the magnet design. The contribution from joint resistance is
basically a summation of resistances of all interconnections
in the circuit. To achieve satisfactory magnetic field stability
in the MRI/NMR system, the joints between magnet and its
switch, and those between different sections of the magnet must
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be made with great care. It is necessary that the resistance
of the superconducting joints should be extremely low for the
persistent current decay.

There are three mainly methods to make the NbTi multi-
filamentary wire joints; they are cold-pressing, solder welding
and diffusion bonding. Among them, solder welding is com-
monly used [4], [S]. However, both the non-uniformity of solder
and temperature error will affect the joint quality. Especially, it
is difficult to prevent surface oxidation during heating. As to
the diffusion bonding method [6], the vacuum condition in fab-
rication process limits its application. Comparatively the cold-
pressing method is convenient and reliable. The mechanism of
cold-pressing joint is complicated. Theory and technology of
cold-pressing joint fabrication should be intensively studied.
However few presentations on this can be found in publications.
Recently the preliminary numerical simulation and electrical
properties studies on cold-pressing joint technologies have be-
ing done by Wang et al. [7], [8]. In this paper, contact resistance
properties of the cold-pressing superconducting joint were far-
ther studied by discussing the plastic deforming evolution and
the electrical contact characteristics.

II. EXPERIMENTAL
A. Joint Fabrication

A type of NbTi/Cu multifilament superconducting wire was
chosen for the cold-pressing joint experiment. The diameter of
the wire is 0.5 mm. The NbTi alloy filament number is 54. The
filament diameter is about 10 micron. The ratio of copper to
superconductor is 1.3.

A kind of NbTi/Cu composite tube was introduced in the
cold-pressing method jointing procedure. A layer of 99.99%
pure copper is located on the cylindrical surface of NbTi alloy
tube. The internal layer is NbTi superconducting alloy. The
purpose of the copper layer is to prove heat transfer and reduce
the electrical resistance.

The supporting die of the pressing machine is made of tool
steel. To increase pressure stability, there is an angle of 1-2°
between the upper and the lower dies.

The cold-pressing joint was fabricated under open air condi-
tion using a hydraulic machine. Its pressure range is up to 60 ton.

The cold-pressing joint fabrication process includes five
steps.

Step 1) Remove the copper matrix of the wire by nitric acid
until only a brush-like bundle of NbTi filaments
was left;

Step 2) Clean and dry the filaments;
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Fig. 1. Configuration of some joints made by cold-pressing method.

Step 3) Insert the filaments into NbTi/Cu composite tube;

Step 4) Place the tube together with filaments into the gap
between the two supporting dies of a hydraulic
machine;

Step 5) Press the joint. During this step, the NbTi filaments
are embedded in the composite tube to form the
joint.

Some of the joints we made are shown in Fig. 1.

B. Testing and Apparatus

The morphology and the microstructure of the joint were
studied by ZEISS ULTRA 55 field-emission scanning electron
microscope (SEM) and optical microscope (OM). The bound-
ary layer thickness and the space counts of the joints were
obtained using the image analysis software.

Generally, the MRI/NMR magnetic field decay is less than
0.05-0.1 ppm/h [9], [10]. The resistance of the individual joint
should be no more than 0.01 nano-ohm [11]. The resistance
of joint sample was measured by coil current decay method.
This method is to measure the decay of the magnetic field
produced by the current induced in a superconducting loop
which includes a joint.

The test system, which consists of a current transformer, a
bias field magnet, a cryogenic Hall probe and a small loop to
be tested, had been set up [12]-[14]. An AMI power supply
with nominal maximum output current of 200 Amp (model
12200PS-420) was used to charge the bias magnet and the cur-
rent transformer. The cryogenic Hall probe is from Lakeshore
(model HGCA-3020). Voltage taps across the Hall sensor
was connected to a Keithley model 2000 Multimeter, which
then transferred the voltage data to a PC based system using
LabView software through an IEEE- 88 bus.

III. RESULTS AND DISCUSSION
A. Evolution of Deformation of Filaments During Pressing

There are several different mold shapes to choose in cold-
pressing joint fabrication: plate mold, cap mold, square mold,
and radial compression mode [8], [13], [14]. To study the
effect of pressing process on the joint plastic deformation and
resistance evolution, the simple plate mold was adopted in
this paper. To study the evolution characters of the joints after
pressure deforming, several joint samples were fabricated under
different pressure values, from 520 to 1150 MPa [10].

The optical microscope micrographs of the cross section of the
joints are shown separately in Fig. 2. To observe the morphol-

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 25, NO. 3, JUNE 2015

Fig. 2. OM images of NbTi filaments in the joints by various pres-
sure conditions. (a) 520 MPa; (b) 650 MPa; (c) 820 MPa; (d) 990 MPa;
(e) 1040 MPa; (f) 1150 MPa.

ogy of the samples clearly, the cross-sections were polished and
etched.

From the micrograph of the cross-section of the 520 MPa
sample we can see that plastic deformation has happened in
the NbTi filaments. But the plastic deformation looks so slight
that the boundary thickness of the filaments looks very broad.
The even value of the boundary thickness reaches 0.5 micron.
It means that the boundary bonding is not stable enough.
Also the round cross section of the filaments only changed
to hexagon. These hexagon deformed filaments still kept the
equiaxed features. There are still some spaces between the
filaments, shown as the white dots in the micrograph. It can
be calculated that the space area is about 1.2% of the cross-
section. And the size of the largest space reaches 1.3 micron
in diameter. It is noticeable that the white dots all appeared in
the triangle intersection area among adjacent three filaments.
Obviously the triangle intersection area is the weakness of the
filament deformation and would affect the contact area ratio.
As a whole, it seems that the sample under 520 MPa pressure
loads has so little plastic deform that some surfaces between the
filaments still do not contact tightly. It shows that the 520 MPa
pressure is too low for the joint.

In the second micrograph of Fig. 2, the pressure load was
raised to 650 MPa. It shows that most of filaments in the joint
still keep the equiaxed features. However the most remarkable
characteristic of the sample is that the number of white dots
reduced considerably. The percentage of the total area of space
is reduced to about 0.7%. Also the thickness of boundary
between the filaments has been decreased to 0.1 ~ 0.2 micron.
It implies that the interface bonding of NbTi filament was
stronger than the former sample.

When the pressure value increased to 820 MPa, the boundary
thickness of the filaments reduced continually to about 0.1 mi-
cron. Also a majority of filament cross sections changed shape
from round to approximate ellipse. This implies that there was
not any space in the joint and the bonding process between the
filaments had been completed under this cold press condition.

With the pressure continually increasing to 990, 1040 and
1150 MPa, we could find that the boundary thickness of the
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Fig. 3. SEM images of bonding morphologies between the NbTi filament
and the tube under different pressure conditions. (a) 520 MPa; (b) 650 MPa;
(c) 820 MPa; (d) 990 MPa; (e) 1040 MPa; (f) 1150 MPa.

filaments remains a constant small value. The only change is the
ellipse cross section become more and more flat. The ratio of
the major axis to short axis increases from one to two roughly.

B. Bonding Between Filament and Tube

The plastic deformation evolution between the filament and
the tube is also studied. The bonding morphologies between
the filament and the tube under different pressure conditions
are shown in Fig. 3.

It can be seen from Fig. 3 that there exists a gap between
filaments and the tube in the 520 MPa sample. When the
pressure increased to 650 MPa, the width of the gap decreased
obviously. A few cold weld bonding in the sample was found.
When the pressure increased to 820 MPa, cold weld bonding
formed in most areas except a few spaces at the boundary. When
the pressure was increased to 990 MPa, the space in the sample
were completed disappeared, as shown in Fig. 3(d). Also there
is no space found in the two samples with the higher pressure,
as shown in Fig. 3(e) and (f). The severe plastic deformation of
the materials contributes to the increased contact area and better
surface bonding.

In summary, at the beginning of the joint plastic deformation,
the space between the filaments is filled up and the contact
area increases with the increase of pressure. After then, the
contact area enhances continually by the ellipse cross section
becoming more and more flat with the increase in pressure. The
above mentioned mechanical evolution strongly influences the
electrical contact characteristics.

C. Contact Resistance of the Joint

The joint resistance comes from the electrical contact of
interface of the joint by cold pressing. There are two types
of the electrical contact in the joint. One is the contact among
the filaments; the other is the contact between the filament and
the tube. According to electrical contact theory [10], contact
resistance is the resistance to current flow, due to surface con-
ditions and other causes, when two solid surfaces are touching
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each other. Contact resistance, Ry, is defined as the sum of the
constriction resistance, R g, and the film resistance, R, as the
following equation [15],

Ry =Ry +Rp. (D

The constriction resistance caused by the decreased contact
area is due to the imperfect contact of the two bodies at the
interface. In the cold-pressing joint, the actual contact areas are
smaller than the surface areas of the filaments. The constriction
resistance is expressed as [15],

Rg=— 2)
Tk
where, p is the resistivity of NbTi alloy, 7, is the diameter of the
contact area. Under conditions of severe plastic deformation,
the diameter of the contact area is expressed as [15],

3Fk

oy 3)

where, H is the hardness, Fj, is the contact pressure.

From (2), it could be seen that the constriction resistance
of the joint directly is inversely proportional to the diameter
of the contact area. So, to reduce constriction resistance, the
contact area should be increased. Equation (3) shows that
the contact pressure is directly proportional to the cubic of the
diameter of the contact area assuming the hardness is constant.
From the two equations, it may be deduced that the constriction
resistance of the joint is inversely proportional to the cubic root
of contact pressure.

The film resistance is caused by the resistive film covered
on the contact surface. If the film is produced only by physical
sorption of gas molecule on the contact surface, the film breaks
down during severe plastic deformation. In this deformation
condition, the film resistance may be ignored. However, if the
gas molecule is chemically combined with the metal molecule
to form an inorganic film, such as an oxide, nitride and sulfide,
the film resistance of the film must be considered. The film
resistance, R, is expressed as [15],

_ prd
mrd

I =

Rr 4)
where, pp is the film resistivity, d is the thickness of the film.
Combined with the above equations, the contact resistance may
be expressed as [15],

d
szi—i-p%. )
TTk Try

Assuming the film resistivity is constant, Equation (5) may
be simplified as [15],

R, =KF,™ (6)

where, K is a constant value, m is a coefficient with the range
of 0.33 to 3, or larger. The value of coefficient corresponds to
the severity of the film destruction. The more seriously the film
is broken, the larger the coefficient is.

Equation (6) may be converted to (7) by applying logarithm
function on both sides,

In(Ry) =In K — mIn(Fy) 7
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Fig. 4. Pressure dependence of the joint resistance.

From (7), it is clear that the coefficient m is the slope of the
fitted curve of In(F}) vs. In(Ry).

To validate the relationship between contact resistance and
contact pressure mentioned above, the resistances of series joint
samples with various pressures were measured in liquid helium
temperature. The joints resistances are shown in Fig. 4. It can
be seen that the joint has the resistance of less than 10712 Ohm
which is acceptable for persistent operation. It is clear that the
resistance of the joint is reduced at a declining rate with the
increase of pressure.

To obtain the value of the coefficient m, the curve of log-
arithmic pressure vs. logarithmic resistance of the joints was
fitted in Fig. 4. The coefficient m is determined by the slope of
the curve. According to the slope-change trend, there are three
stages of the decreasing resistance.

During the first stage, the joint resistance decreased lin-
early form 5x 107'2 Ohm at the 520 MPa pressure to
8 x 1073 Ohm at the 820 MPa pressure. The fitted linear
expression is shown in Fig. 4. The slope of the fitted line is
4.66. Then the coefficient m, as high as 4.66, indicates that the
film is broken seriously under the applied force.

In the second stage, the reducing rate of the joint resistance
is much lower than that of the first stage. The reduced slope
indicates the smaller coefficient. It means that the broken effect
of the film was weakened. At this pressure, the role of the
constriction resistance is increased.

In the last stage, the coefficient is reduced to 0.36, closing
to the minimum value of 0.33. It indicates that the effect of the
film is almost insignificant. At this pressure, the joint resistance
is dominated by the constriction resistance.

The evolution of plastic deformation mostly matches the
reduction of joint resistance with the increase of pressure.
At the beginning of the cold-pressing, the filaments and the
tube are pressed together tightly. As pressure is increased,
the boundary of the filament becomes narrowed, the space is
reduced, and the film is broken gradually. In the first stage,
the sharp decline in resistance attributed to the film resistance
plays a major role. In the second stage, with the increased
pressure, the effect of the constriction resistance is enhanced
compared with the film resistance. In this stage, most of the
filaments and tube have been cold welded together. In the last
stage, both the space and film are disappeared wholly. The
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severe plastic deformation of the materials contributes to the
increased contact area and better surface bonding. In this stage,
the constriction resistance is the only factor of the contact
resistance, and the film resistance may be ignored. Summarily,
the joint cold-pressing process can be divided into three stages
as above mentioned: film resistance stage, combined resistance
stage and constriction resistance stage.

IV. CONCLUSION

The contact resistance properties of the superconducting
joint by cold-pressing method were investigated. The plastic
deforming process and the electrical contact characteristics of
the NbTi superconducting joint were discussed. It is believed
that the cold-pressing joint resistance comes from the contact
resistance. The contact resistance is composed of the con-
striction resistance and the film resistance. With the pressure
increasing, the joint cold-pressing process can be divided into
three stages: film resistance stage, combined resistance stage
and constriction resistance stage. Finally, the joint resistance is
inversely proportional to the cubic root of applied pressure. The
joint resistance correlates with the plastic deformation which is
increasing with the increase of the pressure.
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