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thermal conductivity of the bulk superconductors14–17; RE-BaCu-O magnets have been found to fracture during high-field
activation, owing to magnetic pressure14–16. Here we present a
post-fabrication treatment that improves the mechanical properties as well as thermal conductivity of a bulk Y-Ba-Cu-O magnet,
thereby increasing its field-trapping capacity. First, resin impregnation and wrapping the materials in carbon fibre improves the
mechanical properties. Second, a small hole drilled into the
centre of the magnet allows impregnation of Bi-Pb-Sn-Cd alloy
into the superconductor and inclusion of an aluminium wire
support, which results in a significant enhancement of thermal
stability and internal mechanical strength. As a result, 17.24 T
could be trapped, without fracturing, in a bulk Y-Ba-Cu-O
sample of 2.65 cm diameter at 29 K.
Bulk RE-Ba-Cu-O superconductors have a complex structure,
consisting of an REBa2Cu3Oy matrix in which are distributed small
particles of RE2BaCuO5. REBa2Cu3Oy materials undergo the tetragonal to orthorhombic transformation, which causes crystal deformation. During this transformation the crystal takes up oxygen, and
as a result the c axis shrinks, leading to the formation of microcracks
perpendicular to this axis18. In addition, when the RE-Ba-Cu-O
precursors melt, oxygen gas is released from the crystal; some of this
gas remains in the sample (because of high viscosity), resulting in
the formation of microvoids19. These defects are difficult to elim-
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Large-grain high-temperature superconductors of the form
RE-Ba-Cu-O (where RE is a rare-earth element) can trap magnetic fields of several tesla at low temperatures, and so can be
used for permanent magnet applications1,2. The magnitude of the
trapped field is proportional to the critical current density and
the volume of the superconductor3,4. Various potential engineering applications for such magnets have emerged5–13, and some
have already been commercialized7–10. However, the range of
applications is limited by poor mechanical stability and low
NATURE | VOL 421 | 30 JANUARY 2003 | www.nature.com/nature

Figure 1 Resin-impregnated Y-Ba-Cu-O with carbon fibre wrapping. a, Cross-sectional
view of a resin-impregnated Y-Ba-Cu-O (YBCO) disk. Note that resin penetrates
through the surface cracks, and fills cracks and voids inside the sample. b, A photograph
of a YBCO disk wrapped with carbon fibre fabric and resin-impregnated. The stripes of
carbon fibres are clearly visible. The carbon fibre reduced the thermal expansion
coefficient, and further enhanced the mechanical strength of the resin.
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inate, and cause a deterioration of the mechanical properties. Thus
the tensile strength of bulk Y-Ba-Cu-O (YBCO) along the a–b plane
is relatively low, ranging from 10 to 30 MPa (ref. 20).
The interaction of the trapped field and the current causes an
outward pressure proportional to the trapped field. Therefore, the
tensile strength (jB) sets the maximum trapped field (Bmax), which
is to first approximation given by the following equation21:
jB ¼ 0:282B2max

ð1Þ

where jB is in MPa, and Bmax is in T. According to this relation, the
maximum trapped field ranges from 6.0 to 9.4 T in bare bulk
superconductors.
Addition of silver has been found effective in improving the
mechanical properties, producing a slight increase in the maximum
trapped field22. Reinforcement of the sample with metal rings has
also been found to be effective in improving the mechanical
properties, because the bulk is compressed owing to a difference
in thermal contraction16,23. In fact, a trapped field of 14.35 T has been
achieved at 22.5 K, although the sample fractured after experiments16. However, these techniques could not improve the internal
mechanical strength or cryo-stability of bulk superconductors.
We have recently found24 that resin can penetrate into a bulk
superconductor. When the present sample of YBCO was immersed
in molten resin, the resin permeated into the bulk through microcracks having openings on the surface (Fig. 1a). The voids connected to these cracks were also filled with resin, which dramatically
enhanced the tensile strength from 18.4 to 77.4 MPa (ref. 25).
However, a large difference in the thermal expansion coefficient
between YBCO (1 £ 1025 K21) and resin (3–4.5 £ 1025 K21)
caused damage in the surface resin layer during thermal cycles.
We therefore wrapped the YBCO disk with carbon fibre fabric
before resin impregnation, as carbon fibre has a smaller thermal
expansion coefficient of 2 £ 1025 K21, and can avoid the excessive
thermal contraction of the resin.
We measured the trapped field between two resin-impregnated
YBCO disks 2.65 cm in diameter and 1.5 cm in thickness, fabricated
with the top-seeded melt-growth process26. Each disk was initially
characterized by measuring the trapped field profile at 77 K by

Figure 2 Trapped-field data for two YBCO disks with carbon fibre wrapping and resin
impregnation. Shown are the magnetic field between the two disks, the external field, and
the temperature of the YBCO disk magnet, as a function of time, when the applied field is
decreased from 17.9 T to zero.
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cooling the sample with liquid nitrogen in an applied field of 1.5 T
(using an normal conducting electromagnet). After removal of the
applied field, an axial Hall sensor (model BHA 921, Bell) was
scanned over the entire surface, at a constant sensor–surface
distance of 1.2 mm. The two disks showed a maximum field of
about 0.7 T with a single peak. The YBCO disks were wrapped with
carbon fibre fabric, and placed in a plastic mould. Epoxy resin was
melted at 70 8C, admitted to the mould, and held for 1 h; outgassing
gases were evacuated with a rotary pump. The epoxy resin was
composed of phenol-formaldehyde, with polyamine added as hardening material in a weight ratio of 100:32. Finally the mould
assembly was heated at 80 8C for 6 h, and at 120 8C for 2 h in air
to cure the resin. Figure 1b shows a photograph of a YBCO disk
wrapped with carbon fibre fabric and impregnated with resin. The
mesh structure of carbon fibre fabrics is visible through the surface
resin. No damage occurred in the resin during thermal cycles,
thanks to carbon fibre treatment.
For trapped-field measurements, we used an 18-T superconducting hybrid (NbTi and Nb3Sn) magnet with a bore diameter of
3.6 cm at the Tsukuba Magnet Laboratory of the National Research
Institute for Materials. An axial cryogenic Hall sensor (model
LHP-MU, AREPOC) was sandwiched by two YBCO disks at their
centre to monitor the field. The two disks with the Hall sensor were
glued together with GE varnish, and further glued to the cold stage
of a variable-temperature cryostat, which allowed us to vary the
temperature between 4.2 and 300 K with helium gas circulation.
Between two disks, a temperature sensor (model CX-1070 SD, Lake
Shore Cernox) was also inserted to monitor the temperature. For
each test, the sample was first held at 100 K (that is, above the
superconducting transition temperature of YBCO) while the superconducting magnet was energized to a maximum field of 17.9 T. The
sample was then cooled to 29 K. The field and temperature of the
samples were monitored as the applied field was swept down to zero
at a rate of 0.15 Tmin21.
Figure 2 shows the measured magnetic field at the centre of the
two Y-Ba-Cu-O disks while the field was decreased from 17.9 T to
zero. The temperature change of the bulk surface is also shown.
Although the temperature of the cryostat was set at 29 K, the
temperature of the sample did not reach this value and was 31 K,
owing to low thermal conductivity. As the applied field was swept
down, the temperature of the sample immediately rose by two
degrees and kept increasing. To avoid flux avalanche, we lowered the
sweep rate to 0.1 Tmin21 when the applied field reached 10 T. The
field stayed at 17.9 T at the centre of the sample until the applied
field reached 6 T, reflecting an extremely strong flux pinning force.
Despite careful control of the field sweeping rate, the temperature of
the sample suddenly rose to .70 K at an applied field of 6.0 T and

Figure 3 Cross-sectional view of a YBCO disk in which a hole of 1 mm diameter was
drilled, followed by Bi-Pb-Sn-Cd alloy impregnation. Note that voids and cracks, along
with the hole, are filled with alloy.
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the field strength on the bulk surface also dropped from 17.9 to
6.0 T. We then stopped sweeping the field, and monitored the
sample temperature. After three minutes the temperature of the
sample recovered to 31 K. As the field was decreased further, no
temperature spike occurred and the field strength of the bulk surface
stayed at 6 T even when the external field reached zero.
After the experiment, the sample was subjected to visual inspection. A large crack was observed on both YBCO disks. We note that a
sudden change in field distribution in YBCO disks can be explained
in terms of flux jumping; such thermal instability is commonly
observed in low-temperature superconductors27. The problem here
was that the heat generated in the superconductor could not be
effectively transferred to the cooling device. We then performed
further similar experiments, but with the sweep rate reduced to
,0.05 Tmin21 in a manual mode to allow longer time for heat
transfer. We could achieve a trapped field of 14.9 T at 31 K, but the
trapped field magnet was unstable and small agitation caused flux
jumping. As a result, all the samples were destroyed after high field
activation. Similar problems of sample cracking were encountered
in previous experiments9,14–16.
The thermal conductivity of bulk YBCO is anisotropic:
3.5 WmK21 along the c axis, and 14 WmK21 along the a–b plane.
We believe that such a low thermal conductivity causes flux
jumping. Thus the key to cryo-stability is heat transfer to the
cooling device.
In order to overcome this problem, we impregnated the bulk
sample with Bi0.5-Pb0.27-Sn0.13-Cd0.1 (Bi-Pb-Sn-Cd) alloy, which
has a high thermal conductivity of 200 WmK21 at 29 K. This was
achieved with the same method as used for epoxy resin impreg-

Figure 4 Trapped-field data for two fibre-wrapped, resin-impregnated YBCO disks
with embedded Al wire. Shown are the variation of the trapped-field, the external field,
and the temperature, for the bulk disks when the external field is reduced from 17.9 T to
zero.
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nation, as the melting point of this alloy is only 70 8C. Another
reason for the selection of this alloy was that its thermal expansion
coefficient (2 £ 1025 K21) is close to that of bulk YBCO, so that
thermal stresses could be made negligibly small. This treatment
markedly enhanced the thermal conductivity, but flux jump was still
unavoidable. This is because the alloy impregnation could enhance
the thermal conductivity only at the surface, while the thermal
conductivity of the interior region of the disk remained low.
We sought a technique to improve the thermal conductivity
inside the sample. To achieve this, we mechanically drilled a hole
1 mm in diameter at the centre of the sample, and followed this by
Bi-Pb-Sn-Cd alloy impregnation. This mechanical machining did
not degrade the performance of the YBCO disk. Figure 3 is an
optical micrograph of the cross-section along the hole for the alloyimpregnated sample. We note that microcracks as well as voids can
be filled with Bi-Pb-Sn-Cd alloy through the hole drilled in the
sample.
With the aim of full stabilization, we prepared YBCO disk
magnets with the following steps. First, two disks were subjected
to carbon fibre/resin impregnation with the top and bottom
surfaces uncovered. A hole of 1 mm diameter was drilled at the
centre of each disk. Then we inserted 0.9-mm-diameter Al wire, of
large thermal conductivity (4,000 WmK21 at 29 K), into the hole
for further enhancement of thermal conductivity. The disks were
then placed in a carbon tube, leaving a minimum space around
the disk. Bi-Pb-Sn-Cd was melted at 70 8C and admitted to the
mould.
This configuration was chosen because the surfaces free from the
coolant should be thermally insulated to prevent heat leaks. Two
YBCO disks were stacked together with GE varnish. This time, six
Hall sensors (model LHP-MU, AREPOC) were sandwiched by two
YBCO disks to monitor the field distribution at the following
locations: the centre, 0.06 cm (two locations), 0.68 cm, 1.01 cm
and 1.32 cm away from the centre. This assembly was subjected to
trapped field measurements at the sweeping rate of 0.15 Tmin21.
Figure 4 shows variation of the field and temperature in the
present composite bulk magnet when the applied field was swept

Figure 5 The effect of temperature on trapped-field distribution. The field was trapped
between two 26.5-mm-diameter YBCO disks with carbon fibre wrapping, resin
impregnation and embedded Al. Data are shown for 29 K, 46 K and 78 K. It is evident that
the trapped field is saturated at higher temperatures, but that the field is far below
saturation at 29 K, showing that much higher fields could be trapped.
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down from 17.90 T to zero. The temperature of the sample reached
29 K, reflecting a marked enhancement of its thermal conductivity.
Also, the temperature rise during field sweeping is small compared
to the experiment shown in Fig. 2. This also supports the fact that
the thermal conductivity was greatly improved in the present
configuration. As the applied field is decreased, the field on the
superconductor gradually decreased. However, the field at the
centre of the sample stayed at an initial value of 17.9 T. No sudden
temperature rise occurred during the field-decreasing process, but,
because the temperature increased to 30 K at 4 T, we lowered the
sweeping rate to provide a safety margin. Even after the external
field was removed, a field of .17 T was trapped by the superconductor (Fig. 5). We also performed similar trapped-field experiments at 78 K and 46 K (Fig. 5). The trapped-field profiles at these
temperatures show saturation, with a peak field of 9.5 T for 46 K and
1.2 T for 78 K. Compared to the data at 46 and 78 K, the trapped
field at 29 K is far below saturation, and hence the present bulk
magnet has the potential to trap much higher fields than 17 T if a
higher magnetic field is available for activation.
The static field of 17.24 T is attractive for various applications. As
long as the sample temperature is kept at 29 K with a cryocooler, a
bulk superconductor magnet trapping 17.24 T could be transported
to any desired place. This means that a strong static field of 17.24 T
limited to the bore space of the superconducting solenoid could be
freely used in free space. For magnetic separation of contaminents
from polluted water, pre-treatment with ferromagnetic powders is
unnecessary for fields larger than 10 T. Therefore, a much simpler
separation system could be made. Furthermore, the output of an
electromagnetic machine is the product of electric current and
magnetic field, so a strong magnetic field is beneficial for the
development of high-power, compact machines. The range of a
stray field is very small in bulk superconductor magnets, so the
deleterious effect of stray field can be localized. We therefore believe
that the present results will open the way to new applications of
fields from bulk superconducting magnets.
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Breaking waves markedly increase the rates of air–sea transfer of
momentum, energy and mass1–4. In light to moderate wind
conditions, spilling breakers with short wavelengths are observed
frequently. Theory and laboratory experiments have shown that,
as these waves approach breaking in clean water, a ripple pattern
that is dominated by surface tension forms at the crest5–14. Under
laboratory conditions and in theory, the transition to turbulent
flow is triggered by flow separation under the ripples, typically
without leading to overturning of the free surface15. Water
surfaces in nature, however, are typically contaminated by surfactant films that alter the surface tension and produce surface
elasticity and viscosity16,17. Here we present the results of laboratory experiments in which spilling breaking waves were generated mechanically in water with a range of surfactant
concentrations. We find significant changes in the breaking
process owing to surfactants. At the highest concentration of
surfactants, a small plunging jet issues from the front face of the
wave at a point below the wave crest and entraps a pocket of air on
impact with the front face of the wave. The bubbles and turbulence created during this process are likely to increase air–sea
transfer.
Experiments were done in a tank of 15 m by 1.2 m with a water
depth of 0.8 m. Weak spilling breakers were produced from Froudescaled mechanically generated dispersively focused wave packets18,19
with average frequencies of 1.15, 1.26 and 1.42 Hz. The breaker
generation technique and wave-maker motion parameters are
identical to those described in ref. 13 (in the present case, the
dimensionless wave-maker amplitude is 0.0505). The wave-maker
motions are repeatable to within ^0.1% of their amplitude.
All of the experiments reported here were done with a single tank
of filtered tap water over a period of 8 d. Rhodamine 6G, a
fluorescent dye, was mixed with the water at a concentration of
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