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ABSTRACT

We have previously advocated the development of materials selection guidelines for high-performance
superconducting magnets on the basis of steady-state sliding stability. Theoretical and experimental
evidence suggests that inherently stable friction materials may be physically impossible at cryogenic
temperatures. We propose an alternate strategy for improving low-temperature sliding stability
within the framework of available material behaviors.

INTRODUCTION

The crucial role friction plays in the operation of high-performance superconducting magnets has
been recognized for the past 15 to 20 years. Compact, high-current-density, high-performance super-
conducting magnets are used in such applications as laboratory research magnets, nuclear magnetic
resonance (NMR) spectroscopy, magnetic resonance imaging (MRI), and magnetically levitated (ma-
glev) vehicles. Unlike motors, superconducting electromagnets have no intentionally moving parts;
the extent of motion that occurs within the magnets is extremely limited except when the magnet
is being charged.

The superconducting state is finite; it is bounded by a phase surface consisting of magnetic field,
current, and temperature. Of the three, the temperature is neither completely controllable nor pre-
dictable. The heat capacity of a superconducting winding at 4.2 K, its usual operating temperature
is ~ 1/4000 of its room temperature value, hence only a small amount of frictional energy can quench
the winding, that is, to drive it into its nonsuperconducting state. High-performance magnets are
designed without internal cooling to reduce their overall size and weight, consequently, if a resistive
zone does form, it will grow rapidly under the influence of its own ohmic heating, further increasing
the magnet temperature. It then becomes necessary to discharge the current and allow the magnet
to return to its operating temperature before any further attempts can be made to use it.

A principal source of thermal perturbation in high performance magnets in frictional heating, dis-
sipated either because of relative motion between the entire magnet and its support structure, or
because of relative motion between adjacent conductors in the winding. Over the past 15 years con-
siderable effort has been devoted to determining the extent and general location of these motions,!1 ~31
and developing a variety of cryotribological methods for minimizing their consequences^3"6'

Much of our research has concentrated on the premise that thermal stability in high-performance
magnets can be best achieved by selecting construction materials on the basis of their steady-state
sliding stability.i7" i0> In absolutely stable sliding pairs, those which possess a positive friction-velocity



characteristic, motion occurs in a smooth, gradual manner resulting in the low-power dissipation
of frictional energy. By contrast, unstable pairs are those for which sliding occurs as a series of
irregular 'stick-slips'; an extreme example of this instability occurs for materials whose static friction
coefficient is substantially larger than the subsequent kinetic value. Because the speed fluctuates
rapidly during stick-slip, frictional dissipation occurs as a series of high-intensity heat pulses. Henre.
stable motion is sought as a desirable condition for minimizing quench-inducing conductor motions.

ADHESION FRICTION THEORY

The contact between engineering surfaces is concentrated into discrete locations where the asperities,
or high points, on each surface touch. The normal stresses at these asperity contacts are quite high,
often comparable with the flow strength of the softer surface. For engineering materials the flow
strength is typically equated with the indentation hardness. However, for highly elastic materials
or materials with marked time-dependent properties it is not unusual for alternate measures of the
material's flow strength to be ustd, those which more accurately reflect the asperities' deformation
behavior. The asperity contact diameter for most materials typically ranges from 10 to 100 urn}11'

The molecular contact between the sliding surfaces within the asperity junctions produces strong
intermolecular forces, binding the surfaces together. The strength of the adhesive junctions depends
on factor like the chemical compatability and cleanliness of the surfaces, and the time available for
the for the junctions to grow to full strength. The adhesive friction force, F, is represented as the
product of the junction shear stress, s, times the total real area of contact, A: F = sA.

VELOCITY-DEPENDENT FRICTIONAL EFFECTS

Velocity-dependent frictional effects have been observed in several materials. These materials include
low melting point metals like lead, tin and indium,t11'12! boundary lubricants like waxes, soaps
and fatty acids,f11<13J and elastomeric polymers.'14'15-' These materials typically demonstrate small
but finite friction coefficient value at very low speeds; the friction coefficients then increase with
sliding speed and eventually pass through peak values. The magnitude of the friction peak and
corresponding sliding speed depend on the sliding material and test conditions. As the temperature
decreases, the speed corresponding to the peak friction coefficient shifts progressively to lower and
lower values.P-X.is]

According to Luderna, these velocity-dependent frictional effects result because of competition be-
tween area and strain-rate-dependent-shear-stress effects.'15^ Figure 1 presents Ludema's model for
the viscoelastic friction peak commonly observed in elastomeric polymers. Because elastomers pos-
sess elastic limits typically extending to 100% strain, the contact area is evaluated in terms of the
time-dependent creep modulus, while the junction shear stress is related to the rubber's strain-rate-
dependent rupture strength. The large elastic modulii observed at high speeds and low temperatures
prevent excessive junction growth, thus maintaining relatively low friction values. At low speeds or
high temperatures, the strain-rate-dependent junction shear stress drops markedly, resulting in simi-
larly low friction values. The peak friction value results during the transition from small-contact-area,
high-shear-stress contact conditions to large-contact-area, low-shear-stress values.

FRICTION-VELOCITY-TEMPERATURE EXPERIMENTS

We have performed friction-velocity measurements at temperatures of 4.2, 77, and 293 K. The slidinp
tests were performed on the rotational pin-on-disk friction apparatus described previouslyJ3-7-8] The
normal force during these tests was typically 7.5 N while the sliding speed ranged 10~7~10~l m/s.
Over the past few years these measurements have emphasized materials, such as silicone rubber,
lead, tin, and indium, and boundary lubricants like soaps and fatty acids, which are known to possess
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Fig. 1 Schematic representation of velocity-dependent
elastomeric friction model. (Figure from [15].)

favorable room-temperature friction-velocity characteristics. Two main reasons for examining these
materials were to determine their cryogenics-temperature sliding behaviors, and perhaps more im-
portantly to investigate the fundamental mechanisms of low-temperature frictional stabilization.

A second component of this investigation was the concurrent evaluation of the sliding materials'
low temperature mechanical behaviors. These behaviors were determined principally by means of
time- and temperature-dependent hardness measurements.'3'16-' Hardness measurements are favored
for this determination because of their close similarity to the normal contact conditions that prevail
at the asperity junctionsJ11^

Figure 2 show our velocity-dependent friction coefficients for an indium disk slid against AISI 316
stainless steel pins at temperatures of 4.2, 77, and 293 K. The friction-velocity-temperature results
correspond closely to the behavior proposed by Ludema's friction model. At room temperature the
competition between junction growth and interfacial shear creep produces a peak friction value of
~6 at a sliding speed of ~10~4m/s. Negative friction-velocity characteristics prevail near 77 K; the
friction coefficient value decreases from 1.2 at 10~7m/s to 0.5 at 10~1m/s. At 4.2 K the friction
coefficient appears virtually independent of velocity and equal in value to 0.5. Similar results have
been observed in comparable temperature ranges for several other low-melting-point metals including
copper, lead, tin, and mercuryJ3'12'17'18^

The friction traces from Fig. 2 were compared with the time- and temperature-dependent hardness
data previously obtained by Mulheam and Tabor J19^ Their measurements were performed at several
test temperatures between 77 and 493 K at indentation times ranging 10~3~103s. Three distinct
regions of material behavior were observed. At temperatures below approximately 20% of the melting
point, ~0.2Tm , constant hardness values were obtained. In the temperature range 0.2~0.6Tm the
hardness decreased rapidly for low contact times but eventually approached asymptotic limits. Above
~0.6Tm the hardness values can be fitted to a thermally activated creep equation, with an activation
energy for the process approximately equal to the metal's self-diffusion activation energy.'19'
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Fig. 2 Friction coefficient vs sliding speed for an indium disk slid against AISI316
stainless steel at 4.2, 77, and 293 K. The normal force was 7.5 N.

Our empirical evidence^2-16] and Ludema's friction model!15] both indicate that positive friction-
velocity behavior is observed only in materials whose shear stress increases with strain rate. The
positive correlation between stress and strain rate is typically observed only at temperatures above
0.3~0.6 of the material's melting temperature, in the viscoelastic region for glassy materials and
the creep regime for crystalline materials, t20] At liquid helium temperatures, the usual operating
temperature for superconducting magnets, all other materials are substantially below their viscous
creep ranges. Thus, we conclude that it is not possible to use absolute steady-state sliding stability
as a means for ensuring superconducting magnet thermal stability.

FORCE-BASED MOTION CONTROL

We have recently developed an alternate approach for improving the thermal stability of high-
performance solenoidal superconducting electromagnets. That is, to encourage incipient motions to
occur as early during the magnet charging cycle as possible rather than relying on the construction
materials' intrinsic sliding stability to minimize frictional heating.t6] At the start of operation, a
superconducting winding is far from its critical surface, hence it can tolerate substantially greater
transient thermal disturbances without reverting to the resistive state than are possible as the magnet
nears its rated operating point.
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Fig. 3 Variation in the axial/radial conductor force ratios during tight wound coil energization.

The geometry of solenoidal windings makes them especially well suited to the force-based motion
control approach.!6] The electromagnetic forces in a simple solenoid are self-constraining. As the
magnet is energized the electromagnetic forces tend to expand it radially and compress it axially.
However, because it is not possible to wind a perfectly defect free winding, the small axial gaps
that are initially present between adjacent conductors allow sufficient space for conductor motions
to occur. Conductor-motion-induced quenches are usually caused by the axial displacement of
short conductor lengths near the ends of a windings innermost layers, where the ratio of its axial
electromagnetic body forces to radial contact forces are often greatest i6'21) Motion is generally
assumed to occur when the ratio of these forces exceeds the conductor's static friction coefficient.

A series of small test magnets were built to examine the effect that the axial-radial force ratio has
on the coils' quench characteristics. The coils were constructed with 0.9 x 1.3 mm Formvar-insulated
multifilamentary copper-composite niobium titanium superconducting wires wound on a 76.2 mm
inner diameter. 126.2 mm long AISI 316 stainless steel coil form. The radial forces in the roils
were controlled in part by externally reinforcing the windings with 0.25x2.5mm beryllium-copper
ribbon. The axial and radial quench initiation locations were determined using the combined acoustic
emissions/voltage technique.I1-3-6!

The axial electromagnetic body forces at the ends of each of the coil's six layers were calculated from
field maps of the magnetic field during various stages of the energization sequence. ̂  The radial in-
terconductor forces were determined using standard 2-dimensional plane-stress approximations.t22l
This force distribution was calculated by superposing the effects of the conductor tension during
winding, differential thermal contraction between the winding components, and the radial electro-
magnetic body force. The magnitude and distribution of these radial forces were varied from coil to
coil using the programmed winding tension approach advocated by Bobrov and Williams.P2^

Figure 3 shows the predicted axial-radial force ratios us peak magnetic induction for a test coii
constructed following the conventional approach, using an extremely high conductor tension to
•'frictionally pin" the conductors in their as-wound locations. The winding tensions for this magnet
consisted of 100 MPa in each conductor layer and 120 MPa in the two beryllium copper overbanding
layers. No wire motions were initially anticipated for this coil because its maximum force ratio of
~0.1 is less than accepted value of 0.26 for the conductors static friction coefficient J2IJ
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Fig. 4 Quench and training behavior for tight wound coil.

Figure 4 shows the quench characteristic for this tightly wound coil during its first ten training
cycles. Its vertical axial presents the peak induction in the winding at quench, Bw, divided by the
conductor's critical point induction, Bc. The plotting symbols indicate that all of the quenches
initiated in innermost layer, layer 1, as the results of transient conductor motions. The first quench
occurred at ~0.775c . Following this, the coil trained slowly and saturated at a degraded performance
of about 0.92Bc after about 6 charging sequences. A recent study has demonstrated that because of
statistical fluctuations in thickness along the conductor length it is impossible to exactly predict the
ratio of forces acting on any given segment.^ Given the typical range of dimensional tolerances, the
forces needed for frictional immobilization becomes increasingly impractical for large-bore high-field
magnets. In fact, high-winding tensions frequently postpone wire motions until late in the magnet's
charging sequence where it is much more sensitive to transient thermal perturbations.
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Fig. 5 Variation in the axial/radial conductor force ratios during loose wound coil energization.
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Fig. 6 Quench and training behavior for loose wound coil.

Figure 5 presents the axial-radial force ratios vs peak induction for a coil designed to encourage
impeding wire motions to as early in the charging sequence as possible. Each wire motion eliminates
some of the interconductor spaces, hence, these motions eventually become self-limiting as the entire
winding is compressed into a single structural entity. The conductor force ratios in Fig. 5 all pass
above the conductor's static friction coefficient while the peak induction in the winding is below 2T.
The winding tensions for this coil consisted of 21 MPa in layer 1, 38 MPa in layer 2, 32 MPa in layers
3, 4 and 5, 49 MPa in layer 6, and no overbanding layers.

Figure 6 shows quench and training characteristics for this loosely-wound coil. All of the motion-
induced quenches in this winding occurred near the top of the outermost layer. The first quench
occurred at ~0.685c . However, by the second quench it achieved the same performance level as
the tightly-wound coil and then reached its full critical surface limit by its fifth charging cycle.
Critical surface quenches typically occur only in the winding's innermost layer where its magnetic
induction is greatest. Because of the quench initiation location, and our understanding of the coil's
construction technique, we attribute the early training quenches to a poorly designed lead wire
termination method. Steps are presently being taken to relieve this deficiency in the coil's design
before continuing the investigation.

CONCLUSIONS

To advance our understanding of cryogenic-temperature sliding stability, and thereby to improve the
reliability of superconducting magnets, we have initiated an experimental and theoretical program
to examine the fundamental mechanisms of frictional stability. The attainment of absolutely stable,
positive friction-velocity characteristics at cryogenic temperatures appears improbable because of the
lack of thermally-activated steady-state shear creep. We are presently investigating a force-based
approach to magnet design that promotes quench-causing conductor microslips to occur early in the
magnet's charging cycle where their consequences are relatively benign.
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