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An Effective Approach for the Development of Reliable
YBCO Bulk Cryomagnets with High Trapped Field

Performances

Driss Kenfaui,* Pierre-Frédéric Sibeud, Eric Louradour, Xavier Chaud,

and Jacques G. Noudem

Widespread use of YBa,Cu30;_s (Y123) bulk superconductors as source of
strong magnetic fields requires development of high-performance materials
sufficiently reliable with improved thermal transfer ability. An effective approach
based primarily on the growth of bulk Y123 single domains comprising a holes-
network to diminish the oxygen diffusion paths is reported here, as well as their
progressive annealing at high temperature under oxygen pressure to reduce
undue stresses and processing time. Finely, it aims to stimulate the thermal
exchange inside the superconductor and compensate for induced magnetic
stresses during the field-trapping process. The approach brings considerable
time and energy savings, and turns out to knock down barriers having stymied
hitherto the use of Y123 bulk superconductors for engineering applications.
Indeed, it enables the achievement of a pore-free and crack-free microstructure
yielding marked fracture toughness and promoting large size persistent current
loops, thereby boosting the trapped field performances. The fostering of the
internal thermal exchange leads the maximum trapped field B,,,,, to shift to

applied field. They can be hence used as
magnets as long as they are maintained at
such low temperature levels, which makes
them potentially useful for engineering
applications such as strong permanent
cryomagnets,’>! and compact and port-
able cryogenic motors and generators.>¢l
The trapped field, B, stems from the per-
sistent currents macroscopically circu-
lating in a (RE)-Ba-Cu-O superconductor
and depicts a profile on the material sur-
face culminating at a maximum B, at
the center with a field gradient toward the
edge. Bean model stipulates that B, is
proportional to the critical current density
J. and the size of the persistent current
loops.V!

A great deal of research has been then
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higher temperatures by up to 14 K. A value B,,, of 6.34 T is attained at 17 K
on =16 mm-diameter reinforced pellet (disk area s = 1.99 cm?), resulting in an

outstanding field density B,,,./s =3.19 Tem=.

1. Introduction

The three past decades have witnessed intensive research
efforts devoted to the high temperature bulk superconductors
(RE)-Ba-Cu-O (with RE is a rare-earth element) because of their
ability to generate magnetic fields considerably stronger than
those attainable with conventional permanent magnets.!'™
Bulk (RE)-Ba-Cu-O single-grain (so-called single domain)
superconductors cooled below their critical temperature under
a magnetic activation trap and retain a part or almost all the
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broadly focused on the critical currents
in the large YBa,Cu;0,5 (Y123) single
domains that can be reproducibly fabri-
cated by using a top-seeded melt growth
(TSMG) process.>® The critical current
density J. has been highly enhanced by
incorporating defects into the crystal, which causes pinning
by locally perturbing or destroying the superconducting prop-
erties. Doping the precursor material prior to crystal pro-
cessing remains the primary approach used hitherto to intro-
duce defects into bulk superconductors and resulted in very
high trapped fields.>* Grussi? and Fuchs research groups
have reported on improved pinning in zinc-doped Y123 single
grains. Cu (2) sites from CuO, planes are substituted by zinc
elements,® which induces local magnetic moments in these
planes close to the zinc impurities.”) The coupling of such
moments with the conduction band causes an Abrikosov—
Gorkov pair breaking and, consequently, a local superconduc-
tivity suppression.1”!

Even so, the Y123 bulk superconductors have been reported
to regularly fracture during high field activation due to the
stresses imparted by the flux density gradients.?~*!!l The max-
imum stress that Y123 materials can withstand is governed by
their fracture toughness K, o« oy X+/a, which depends on the
material strength oy and also the primitive size a, of the largest
pore or crack produced during the single-domain supercon-
ductor processing. Indeed, when the Y123 material is heated to
the temperature high above the peritectic decomposition one
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during the TSMG processing, a large amount of oxygen gas was
generated from the precursors such that: YBa,Cu30;.5(Y123) —
Y,BaCuOs (Y211) + liquid + O,. The sample readily loses oxygen
and 7 — 8 becomes =6.3, but some of the oxygen gas, in par-
ticular that located away from the external material surface,
remains as bubbles in the crystal. The bubbles entrapment
results hence in the formation of large number of micro-voids
which are pores difficult to eliminate after crystal growth.>12

The grown Y123 grain is, moreover, generally annealed at
400-500 °C under 0.1 MPa oxygen flow, a treatment, so-called
conventional oxygenation, applied with a view to increasing
oxygen content to 7 — § > 6.8,1314] thereby recovering the super-
conducting properties. However, Specht et al.'*l have observed
that the crystalline cell c-parameter is constantly shortened
when the Y123 material is cooled in air or oxygen to room
temperature, and a tetragonal to orthorhombic transformation
occurs around 500 °C. Since the c-parameter shrinks over a
very short crystal depth imputable to the very low oxygen diffu-
sion rate, 1077 cm? s7! in the (a,b) planes and still lower by 4-6
order of magnitude along the c-axis,!'>1%l the external thin oxy-
genated layers are thus under a tensile stress since the crystal
core is still much less oxygenated possessing the primitive
c-parameter. The induced oxygen gradients and the crystallo-
graphic transformation consequently cause stresses exceeding
the Y123 material strength oy (10-30 MPa),'”! which leads to
an exhaustive cracking in (a,b) planes and in cleavage (a,c) and
(b,c) ones as well.

Both pores and cracks dramatically impair not only the
mechanical reliability but also the trapped field performances
through a drastic reduce in the current loops size.

Besides these defects, the thermal conductivity of the Y123
material is anisotropic and depicts very low values: 14 and
3.5 W m™! K7! in the (a,b) planes and along the c-axis, respec-
tively.’l The heat generated in the Y123 bulk superconductor
during the trapping field process cannot hence be transferred
outside the material without harming the trapping properties
or, even worse, causing a sudden thermal instability as flux
jumping leading to the suppression of trapped field and irre-
versible damage of the material.l2~+10.11]

Thus, a macroscopic cracking has been reported on a
26 mm-diameter zinc-doped Y123 single pellet limiting B,,,, on
4.4°T at 58 K. B, was improved to 11.4 T at 17 K on a similar-
sized sample processed from Y-Ba-Cu-O precursors with added
10 wt% Ag doping and encapsulated the pellet in a Cr-Ni steel
ring to exert a compressive stress on Y123 material during the
trapped field process. A larger B,,,, of 14.35 T was recorded at
22.5 K in the gap between two of such samples before being
fractured. Likewise, Tomita et al.’l observed a large crack on
two Y123 pellets of 26.5 mm in diameter previously wrapped
in carbon fiber and impregnated with resin, limiting then B,
on 6 T at 31 K in the gap between them although an external
magnetic activation as strong as 18 T was applied. They meas-
ured a record B, value of over 17 T at 29 K between two Y123
samples after having inserted aluminum (Al) wire as a heat
sink into their center, and impregnated them with Bi-Pb-Sn-Cd
alloy.

As a result, the development of reliable Y123 superconduc-
tors required for a large-scale use has thus far been severely
hindered, and their applications consequently remain confined
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to niche markets although their potential to generate extremely
strong trapped fields.

Here we report a practical approach by which pore-free and
crack-free Y123 large-grain superconductors endowed with pro-
moted thermal exchange ability are economically fabricated with
high a degree of reproducibility. The approach is based firstly on
the growth of Y123 thin-wall single domains from drilled pellets
to let the oxygen gas to be holly released when the Y-Ba-Cu-O
precursors melt, and secondly on the progressive annealing at
high temperature under oxygen pressure of the grown crystals
to minimize the stresses deriving from the oxygen gradients
by speeding up the oxygen diffusion. By virtue of large specific
areas and reduced diffusion paths provided by the holes net-
work, this oxygenation processing is effective as well as econom-
ical. The approach finely intends to greatly improve the thermal
exchange by inserting metal wires possessing much larger
thermal conductivity in the holes, and mechanically reinforce it
through a resin/metal impregnation to avoid both temperature
increase inside the crystal and material fracture during the trap-
ping field process. A substantial effort has also gone into devel-
oping an experimental set-up enabling the measurement of the
trapped field performances which were intensively investigated
in 17-92 K temperature range and compared to the largest ones
reported to date on large Y123 single-grain superconductors.

2. Fabrication of Large Thin-Wall
YBa,Cu3;0;_s Single Grains

Large thin-wall Y123 single domains were then grown from
drilled pellets by using TSMG process described in the Experi-
mental Section. The crystal growth was oriented by a commer-
cial 2 mm x 2 mm seed, NdBCO thin layer deposited on MgO
substrate (Theva Gmbh films), placed on the upper surface of
the precursor preforms at room temperature before TSMG
processing. The choice of such seed is based on the consid-
erations that its crystallographic structure is similar to Y123
phase, its melting point higher and its composition chemically
stable with the BaCuO liquid at elevated temperature in the
peritectic decomposition sate of the sample, necessary prop-
erties to let the seed to act as a nucleation center promoting
growth of large individual grain.l!! Figure 1a shows the top view
morphology of as processed thin-wall single domain, wherein
the crystal growth began beneath the seed at a temperature of
about 1004 °C to spread across the whole of the disk surface.
The sample depicts four growth facet lines as for the tradi-
tional plain single domains! and the square pattern with sides
parallel to the a/b-axis, which suggests that the orientation of
the Y123 single grain is similar to that of the seed one. The
crystal growth proceeds to the edge of the preform along all its
depth as seen in Figure 1b. The elaborated thin-wall crystals are
cooled under a nitrogen flow from 930 °C to room tempera-
ture to prevent oxygen uptake causing cell parameters change,
thereby avoiding material cracking.

It is relevant to note here that the NdABCO/MgO seed use is
timesaving and yielded Y123 large single domains with higher
degree of reproducibility compared with NdBa,Cu;0,_s5 or
SmBa,Cu;0,_s small crystal slices often hardly cleaved along
the a/b-axis from multi-grain samples to be used as seed.!
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Figure 1. Thin-wall Y123 large grain grown from a drilled preform. a) Top
and b) side view of an Y123 single grain. c) SEM image of mirror-polished
surface parallel to the vertical c-axis of the single grain progressively oxy-
genated at 700 °C under 10 MPa for 12 h: Y123 matrix comprises small
Y211 particles. The micrograph particularly shows the absence of pores
and cracks in the microstructure even at high magnification (inset).

The holes network of the sample does not hinder the crystal
growth and is not disturbed after TSMG processing, but the
pellet diameter macroscopically shrinks from 20 to 15.9 +
0.2 mm, inducing a reduction of the holes diameter from
0.5 to 0.41 + 0.01 mm and the walls thickness from 2.5 to
2.07 £0.05 mm.

3. Progressive Oxygenation at High Temperature
Under Pressure

To recover the superconducting properties, the processed thin-
wall Y123 single domains underwent an amended annealing
treatment, so-called progressive oxygenation,[¥ in an effort to
diminish, or even prevent, crystal cracking. Effectively, the pro-
gressive oxygenation aims to maintain the stresses induced by
the oxygen gradients at levels below the Y123 material strength.
A full oxygenation has already reported for bars,'® cut from a
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Y123 single domain with a =1.5 mm-thickness parallel to the
(a,b) planes, annealed by using such treatment. It is, therefore,
clear that large thin-wall Y123 single domains are well-suited
for being progressively oxygenated. The holes network bestows
them with large specific areas and considerably reduced diffu-
sion paths. Whatever the size of the thin-wall sample, the crystal
depth that matters for oxygen diffusion is hence the wall thick-
ness and is no longer the pellet diameter as for the traditional
plain single domains.l'"61%11] However, achieving a full oxygen-
ation for thin-wall single domains, by applying the progressive
annealing with a final dwell at 400-500 °C, shall be very time-
consuming (= 30 days) due to the low oxygen diffusion into the
Y123 crystal at this temperature range.l'® That will be a major
limitation of large-scale Y123 bulk superconductor applications.
We have found the way to cope with this challenge through
the speeding up of the oxygenation of thin-wall Y123 single
domains by applying the progressive annealing at higher tem-
perature, and under high oxygen pressure to simultaneously
compensate for subsequent lower oxygen content in this tem-
perature range and enhance the oxygen diffusion rate by dis-
placing the oxygen-temperature equilibrium toward the higher
temperatures.!'>19-211 We have first determined the experimental
conditions enabling to reach the optimized trapped field at
77 K21 The processed thin-wall Y123 single domains were thus
progressively oxygenated under these conditions of 700 °C and
10 MPa oxygen pressure for 12 h in a classical tubular furnace
comprising a vessel resisting oxidization at high temperature
under pressure up to 16 MPa.?122l The temperature and pres-
sure cycles were applied and the atmosphere controlled such
that: the furnace air is primarily substituted by the nitrogen gas
at 30 °C. The temperature is then constantly raised to 900 °C at
arate of 60 °C h™! under a flowing atmosphere (0.1 MPa), which
was progressively changed from 100% nitrogen to 100% oxygen
by using a program!'®l aiming to maintain the oxygen content
at about 7 — § = 6.3 in the Y123 crystal.l'>2%21] A half-hour later,
the sample was cooled to the dwell temperature of 700 °C at
10 °C h™!, while the oxygen pressure was introduced into the
furnace at 850 °C with rates of 0.2 MPa h™! from 0.2 to 3 MPa
and 1 MPa h'! from 3 to 10 MPa. The pressure is finely main-
tained for 12 h at 700 °C. The total time, spent here to fully
oxygenate the thin-wall Y123 samples, does not exceed 3 days,
which is less long by more one order of magnitude compared to
the conventional oxygenation (30 days) used so far for the tradi-
tional plain samples.'"*1%11 That makes clear the outstanding
time and energy savings brought by the approach taken here,
which would launch the widespread use of Y123 bulk supercon-
ductors for the aforementioned applications.

4, Microstructure

Scanning electron microscopy (SEM) observations of mirror-
polished surface (Figure 1c) containing the vertical c-axis of
the thin-wall single domain progressively oxygenated exhibit
typical complex microstructure features known from melt-
textured processed Y123 bulk materials. The Y123 matrix,
in bright contrast, comprises Y211 particles which are uni-
formly distributed and can be categorized into two types of
size: small majority inclusions with a size spanning from 1
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to 4 um, and large minority particles that can reach 18 um in
length. The Y211 particles size is generally larger than that
reported elsewhere,??l perhaps due to the initial Y211 pre-
cursor since the single domains were prepared by using the
same process.

It should be noted that the SEM observations were per-
formed on several cross-sections obtained by catting the single
domain in the direction parallel to its vertical c-axis. For each
cross-section, the cutting was carried out at a different distance
from the center of the sample disk. After mirror polishing, the
SEM investigations were thoroughly done along all the surface
of each cross-section.

These observations, on the other hand, showed the absence
of pores, which suggests that the holes network permitted
the oxygen gas to be completely released during the precur-
sors melting at high temperature. The oxygen bubbles crossed
much more readily thin walls of the crystal to get out through
the large specific areas than a pellet diameter in the case of the
traditional plain samples reported heretofore.l:3+10-12] That
enables to avoid the formation of micro-voids, resulting in a
pore-free microstructure of the thin-wall single domain.

We can see likewise a crack-free microstructure of this
sample, even at higher magnification as shown from the inset
of Figure 1c, reflecting a marked reduction in stresses tied to
oxygen gradients due to speeding up the oxygen diffusion in
the Y123 crystal by using the progressive annealing at high
temperature under oxygen pressure. We further believe that the
stresses derived from the thermal gradients, in particular those
induced in the Y123 material during crystal growth or oxy-
genation annealing owing to its low anisotropic thermal con-
ductivity, were diminished as well thanks to the high thermal
exchange allowed by the large specific areas. The stresses ulti-
mately dropped below the Y123 material strength allowing the
avoidance of crystal cracking.

Several mirror surfaces parallel to the (a,b) planes were
also obtained by cutting (and then polishing) several = 2 mm-
diameter disks from another single domain prepared in the
same conditions. This time the cutting was done in the direc-
tion perpendicular to the c-axis of this single domain. Likewise,
the SEM observations revealed no pores and no cracks on the
surfaces of these disks, confirming then the absence of these
default inside the sample.

Figure 1c shows the pore-free and crack-free microstructure
of a center zone of cross-section cut from the core of the single
domain.

5. Mechanical Reliability

To assess the mechanical reliability of a thin-wall sample progres-
sively oxygenated, Vickers indentation tests were performed in
ambient air to nucleate radial cracks at the corners of the imprints
introduced on polished surfaces. The cracks emanating from the
corners of a Vickers imprint (Figure 2) are stopped when the
residual stress driving force at the crack tip is in equilibrium with
the fracture toughness, K, of the material. By measuring crack
lengths ¢; and ¢, and using the formula reported elsewhere, 2>’
the imprints on the (a,b) and (a,c)/(b,c) planes yield mean Kj.
values of 2.88 + 0.09 and 3.1 + 0.21 MPa m!/?, which is the
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Figure 2. Optical micrograph showing a Vickers indentation introduced
on a polished section of a thin-wall single grain progressively oxygenated
to nucleate radial cracks at the corners of the imprint for determining
fracture toughness.

highest values reported hitherto for the Y123 material without
added Ag doping. Indeed, they are larger by factors ranging from
1.51 to 1.94 and from 1.47 to 2.07 than the Kj. values reported
on (a,b)2528 and (a,c)/(b,c)12>?>3% planes of the plain Y123 single
domains conventionally oxygenated, respectively, which is pre-
dominantly ascribed to the pore-free and crack-free microstruc-
ture of the thin-wall sample.

The achieved toughness in (a,b) planes shows furthermore
an increase by a factor spanning from 1.02 to 1.51 compared
to the values published in an equivalent direction for single
domains processed from Y-Ba-Cu-O precursors to which
5-15 wt% Ag particles (12 pm) were added.l”?831 However, it
remains lower by 0.52 MPa m'/? than the value reported for an
Y123 single-domain sample in which are uniformly distributed
15 wt% Ag finer particles (2 um).?8 It is to be noted that if the
addition of silver was used to improve the fracture toughness of
the plain Y123 samples, it was reported nonetheless to impair
their trapped field capabilities.2*!1

The fracture toughness was otherwise reported to drop for
the plain Y123 samples with decreasing the temperature*? and
increasing thermal cycles as well,3% due to the evolution of
cracks introduced during the material processing. This problem
would be significantly limited in the thin-wall domains since
the pores and cracks were avoided.

6. Trapped-Field Performances

The thin-wall Y123 superconductor was characterized by meas-
uring the trapped-field profile at 77 K by cooling the sample
into the liquid nitrogen bath in an applied field of 1.5 T pro-
vided by a superconducting coil. After switching off the external
field, the remnant induction at the upper surface of the sample
was measured using an axial Hall sensor. The scan is made
at a distance of 0.2 mm from the surface with a grid step of
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Figure 3. Flux mapping results obtained for the thin-wall single grain progressively oxygenated.
Top: Trapped-field spatial distribution at 77 K depicting a single homogeneous peak culmi-
nating at B, of 0.475 T. Bottom: The corresponding 2D representation of the surface induc-
tion evidencing the persistent currents freely flow in large undeformed loops at the scale of the

(a,b) planes of the single grain.

0.5 mm. The obtained profile (Figure 3, top) reveals a typical
shape of the trapped-field spatial distribution in Y123 bulk
superconductors with a single homogeneous peak elucidating
the single-domain quality of the sample, in keeping with the
macroscopic observations (Figure 1). The persistent currents
are almost entirely unimpeded and, hence, freely circulate in
large undeformed loops at the scale of the (a,b) planes of the
thin-wall single grain as evidenced from the trapped field
2D representation (Figure 3, bottom). That is fostered by the
achieved pore-free and crack-free microstructure as well as the
absence of residual grains, thereby emphasizing the relevance
of the approach taken here. It resulted then in a maximum
trapped field By, of 0.475 T at 77 K at the surface center of
~16 mm-diameter thin-wall pellet, which is more than 2.3 fold
a similar-sized Y123 plain sample reported elsewhere,!!l and
even comparable to SmBCO single domains with a similar size
as well,lll materials considered so far to trap larger fields than
those by Y123 ones.[!! The obtained B, on the thin-wall single
domain yields a trapped field density B, /s=024Tcm™2 (s is the
disk surface of the sample ~1.99 cm?), which is larger by factors
of 2.9 and 1.8 than the values attained by Gruss et al.Zl (0.083
T cm™?) and Tomita et al.®! (0.13 T cm™) on 35 and 26 mm-
diameter Y123 single domains trapping By, of 0.8 and 0.7 T,
respectively. It likewise at less two times higher than the values
achieved by Fuchs et al.™ (0.11 T cm™2) and Gruss et al.! (0.125
T cm™) on a 35 mm-diameter zinc-doped Y123 single domains
giving By, of 1.04 and 1.2 T, respectively. That highlights more
clearly the much larger size of the persistent current loops
flowing in the (a,b) planes of the thin-wall single domain as
result of the achieved pore-free and crack-free microstructure.
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Since the trapped field substantially
increases with decreasing temperature, we
have developed an experimental set-up at
CRETA laboratory of Grenoble enabling to
measure the temperature dependence of the
maximum trapped field B,,, in the 17-92 K
range. The system is consisted of a sample
stage cooled by the instrumented Cryomech
AL230 cryocooler in a cryostat inserted in an
Oxford superconducting coil providing an
external magnetic field up to 7 T. By wrap-
ping the cryocooler in a superinsulation
film (JEHIER SA — HUTCHINSON Group,
France) as shown in Figure 4a and creating
a vacuum of about 10 mBar in the cryostat,
the sample stage was cooled from room tem-
perature to <20 K in 30 min, which represents
a realistic solution to the cooling problem in
terms of not only the time but also the cost.

Thus, we first used this set-up to calibrate
Hall and Cernox sensors in (0-7 T/11-100 K)
temperature and field ranges.

To investigate its trapping capabilities, the
thin-wall superconductor was mounted in
a copper support fixed on the cold-head of
the cryocooler (Figure 4a), and a Hall sensor
was located at the central position on its
upper surface (Figure 4b). A Cernox sensor
was placed in the immediate vicinity of it to
monitor the sample temperature. The sample as well as both
sensors was mechanically fixed as shown in Figure 4c to con-
comitantly deal with magnetic forces induced upon the trap-
ping field and insure good thermal contacts.

For all the tests, the thin-wall single domain was first cooled
to 100 K and maintained at this temperature, which is above
the critical one of Y123 superconductor, while the external
field was increased up to 7 T. The sample was then cooled to
the measuring temperature. When thermal equilibrium was
attained, the temperature of the cold-head of the cryocooler
was lower by =1.5 K because of the thermal resistance in the
interfaces cryocooler head-copper support-sample and the low
thermal conductivity of Y123 material. The trapped field and
temperature of the sample were continuously recorded in steps
of 1 s whilst the external field was swept down to zero at a rate
of 0.1 T min~! to avoid thermally induced flux jumps.2-+10:11]

Figure 4d shows the time dependence of the trapped field
measured at the center on the top of the thin-wall Y123 single
domain during tests where a different measuring temperature
was selected for each one. The measurements were performed
while the applied field was ramped down from 7 T to zero.
For each measuring temperature, the field on the single-grain
superconductor gradually decreased and remained at a corre-
sponding B,,., when the external magnetization was at zero.
The lower the measuring temperature, the higher the trapped
fields B, owing to stronger pinning force. A maximum
trapped field By, of 5.2 T was achieved at 17 K, which is sug-
gestive of an extremely strong flux pinning force although
no doping was used.#1%11 The corresponding trapped field
density Buu /s =262Tem™> is distinctly larger than the value
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(2.15 T cm™) attained at the same tempera-
ture by Fuchs et al.l on a 26 mm-diameter
: Y123 single plain sample, processed from
Cernox . —— O Y-Ba-Cu-O precursors with added 10 wt% Ag
FEaOL ' \ doping and reinforced by steel ring, trapping
. ‘ Biax up to 11.4 T. This result is more reflec-
tive of much larger size of the persistent cur-
rent loops flowing in the (a,b) planes of the
thin-wall single grain.
3 ; ! Two similar test batches were thereafter
Superinsilationi /28 Ve .y : g conducted on the same sample by applying
film CErY 4 e @ oud 3 i the respective external fields of 6 and 5 T.
—20mny ‘ : The trapped field was likewise monitored
i 1]
Y during sweeping down the external field. In
Figure 4e, the maximum trapped field B,
recorded at different measuring tempera-
tures after the external magnetization was
removed, is depicted as a function of the
nominal applied field. Whereas the field B,
trapped at 77, 65 and 55 K reveals saturation
trend, it linearly enhances at lower tempera-
tures in the investigated external field range,
and the B, increase becomes steeper as
the measuring temperature is lower. It sug-
gests that the thin-wall sample possesses the
potential to trap stronger field than 5.2 T if a
higher external field is applied for magnetic
activation.
E On the other hand, it has to be noted that

—— the maximum trapped field at a selected
00 6000

dadvd T1Tind

A

Trapped fied (T)

. . | .
0 1000 2000 3000 4000 50

. measuring temperature is very sensitive to

Time (s) the temperature evolution inside the sample

(e) i 17K _ O ] during the trapping process. Indeed, even

SE L s E in a case where no flux jumping occurs, a

i =87 2K o temperature increase into the plain sample

+F o= - =T -7 E was reported as result of a heat generated

= o= ] by dissipative flux motion during ramping

S PN Sy down the applied field.>'!) Such heat cannot

°® 3f pA-—mTTTT E be rapidly dissipated because of the very low

has ] thermal conductivity of the Y123 material,

2 : P oo _ 45K _ - which ?eleases a part of the magnetic energy
2 2F 3 stored in the Y123 superconductor.

F e o _ 5K In the case of the thin-wall supercon-

i ] ductor, nor is the generated heat immediately

3 —————— G--BK E transferred outside the sample through the

e ————— — Tk _ larger specific areas because of the vacuum

ok ] applied in the cryostat that is the same into

5 5 7 the holes of the sample, which would have

External field (T) caused lose of a part of the trapped field.

The cooling of the thin-wall sample is

Figure 4. The trapped field measurements on the unreinforced thin-wall superconductor at ensured through the lateral surface and, in
selected measuring temperatures in the 17-77 K range. a) An Y123 thin-wall sample mounted ~ particular, the bottom surface which is in
in a copper support fixed on the cold-head of the cryocooler wrapped in a superinsulation  contact with the holder.

film. b) A Hall sensor located at the central position on the upper surface of the sample, and a To foster the thermal exchange in the
Cernox sensor placed in the immediate vicinity of it. ) Mechanical fixture of the sample and the
sensors..d) The time dependence of the maximum trapped field Btnax measured at the Fenter then 0.3 mm diameter Al wires, of a much
of the thin-wall Y123 superconductor for different selected measuring temperatures while the .

applied field decreased from 7 T to zero. The external field was plotted as well. e) The trapped larger thermal conductivity (<4530, 3450,
field B, recorded at different measuring temperatures after the external magnetization was and 2150 W m™ K at 17, 25, and 35 K,
removed, as a function of the nominal applied field. respectively), into the holes. The sample was

interior regions of the sample, we inserted
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thereafter impregnated with a mixture of resin®l and 4 wt%
Al metal inclusions; as Al metal has an expansion coefficient
(2.3 x 10~ K™ closer to that of Y123 (1 x 10~ K™) than that
of the resin (3—4 x 10~ K7!), which may avoid damage in the
resin during the cooling cycles. The higher thermal conductivity
of Al metal inclusions could improve that of the mixture. The
impregnation was carried out in vacuum to avoid any formation
of the oxygen gas micro-voids into the resin.’l The reinforced
sample was then mirror-polished on its two faces to remove the
surface resin (Figure 5a).

Figure 5b shows the time dependence of the temperature
and trapped field measured at the center on the top of the rein-
forced sample for selected measuring temperatures of 17, 25,
and 35 K while the applied field was ramped down from 7 T
to zero at a sweep rate of 0.1 T min~!. To ease a comparison
with the unreinforced thin-wall superconductor, the curves
corresponding to this latter were plotted as well. The trapped
fields for the reinforced superconductor are patently shifted to
higher values, reflecting a noteworthy fostering of the thermal
exchange into the sample. The heat generated during the trap-
ping process is instantly transferred to the sample holder by
means of Al wires thanks to their much larger thermal conduc-
tivity, thereby safeguarding the magnetic energy stored in the
thin-wall Y123 superconductor. Since Al wires were inserted
into all the holes network of the pellet, the internal thermal
exchange is hence more uniform than that achieved by Tomita
et al.lBl and its promotion consequently better.

It should be further noted that the achieved encapsulating
of the sample in the mixture resin /Al inclusions as shown
in Figure 5a generates compressive stresses during cooling
due the larger thermal expansion coefficient of this mixture
compared to that of the Y123 sample in its (a,b) planes. Such
stresses compensates for those induced by the gradient of the
trapped field in the single-grain sample.

The reinforced thin-wall superconductor traps hence max-
imum fields B,,,, = 4.5 T at 35 K similar to the value recorded
on the unreinforced one at 25 K, and even 5.49 T at 25 K larger
than that trapped on the latter at 17 K.

A maximum B, value of 6.34 T was achieved at 17 K, rep-
resenting an enhancement of more than 21% compared to the
unreinforced sample. Such B,,, value leads to an outstanding
field density B /s = 3.19Tcm_2, which is among the highest
values achieved so far for Y123 single-domain materials,
including doped and/or reinforced ones. This result testifies for
a dramatic increase in the size of the persistent current loops
combined to a considerable promotion of the internal thermal
exchange in the reinforced thin-wall Y123 superconductor and
to a compensation for induced magnetic stresses.

After measuring B, when the external magnetization was
entirely removed, the samples were heated up to >92 K for each
test in order to remove the remanent field. To prevent even-
tual thermally induced flux jumps, the heating rates were set
at 0.2 K min™! from 17 to 35 K and higher from 35 to >92 K.
The trapped field and temperature were continuously moni-
tored. In Figure 6a, shown is the temperature dependence of
the maximum trapped field B,,,, for the unreinforced and rein-
forced thin-wall Y123 superconductors. Both samples behave
in a similar way, that is, their B, (T) curves show a strong
increase of the trapped field with decreasing temperature. The

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The trapped field measurements on the reinforced thin-wall
superconductor at measuring temperatures of 17, 25 and 35 K. a) The
thin-wall superconductor reinforced by inserting Al wires in the holes and
an impregnation with resin loaded in Al inclusions. Al inclusions in the
resin are visible to the naked eye. b) The time dependence of the tem-
perature and maximum trapped field B,,,, measured at the center on the
top of the reinforced sample for selected measuring temperatures of 17,
25, and 35 K while the applied field was ramped down from 7 T to zero.
To ease a comparison, the curves corresponding to the unreinforced thin-
wall sample were plotted as well.
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Figure 6. The temperature dependence of the trapped field performances
in the 17-92 K range. a) The temperature dependence of the maximum
trapped field B, for the unreinforced and reinforced thin-wall Y123
superconductors during heating from 17 to 92 K. Inset: the temperature
shift AT as function of the field B,,,, trapped by the unreinforced super-
conductor. b) The temperature dependence of the trapped field density
Bax/s for the unreinforced and reinforced thin-wall Y123 superconduc-
tors compared to that of the strongest trapped field reported so far on
reinforced Y123 and zinc-doped Y123 single disks (of 26/ and 22 mml2
in diameter, respectively) with 10 wt% Ag and embedding in a steel tube.

fostering of the thermal exchange into the reinforced supercon-
ductor associated with the compensation for induced magnetic
stresses resulted in a considerable shift of B, (T) to higher
temperature. The B, value of 5.2 T recorded on the unre-
inforced superconductor at 17 K is attained on the reinforced
one at 31 K, representing a temperature shift of AT = 14 K. The
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temperature shift AT increases with the maximum field B,
trapped by the unreinforced sample as can be seen from the
inset of Figure 6a. That means that AT rises with decreasing
temperature, which can be ascribed to larger heat, produced by
higher flux motion into the crystal at lower temperatures, dis-
sipated thanks to higher thermal conductivity of Al wires.

In Figure 6b, the temperature dependence of the trapped
field density B,./s for the unreinforced and reinforced
thin-wall Y123 superconductors are plotted with that of the
strongest trapped field reported so far on Y123 single disks.
Compared with the 26 mm-diameter plain Y123 sample rein-
forced by adding 10 wt% Ag and embedding in Cr-Ni steel
tube, reported by Fuchs et al.l to trap a field as strong as 11.4
T at 17 K, the B, /s values of the thin-wall superconductors
are shifted to higher trapped field densities, which is mainly
derived from the larger size of the persistent current loops.
The fostering of the thermal exchange in the reinforced thin-
wall sample and the compensation for induced magnetic
stresses boosted B./s to values larger, particularly in the
30-92 K temperature range, than those achieved by Gruss et
al.?l on 22 mm-diameter plain 0.12 wt% Zn doped Y123 single
domain consolidated by 10 wt% Ag addition and encapsulating
it into Cr-Ni steel ring, possessing the strongest volume pin-
ning force and displaying the largest trapped field reported to
date for a single sample (12.2 T at 22 K). It should be noted
that the reported samples cited here were energized by a field
as strong as 18 T.

Such results associated with the achieved high mechanical
reliability outline the potential of the thin-wall superconductors
to trap much stronger fields if higher applied field is available,
which endorses the effectiveness of the approach taken here
to develop high-performance and reliable Y123 single-domain
superconductors.

7. Conclusions

Large thin-wall Y123 pore-free single grains were fabricated
with a high degree of reproducibility. Compared to plain Y123
materials reported hitherto, the obtained samples were fully
oxygenated in time less long by more one order of magnitude
and the material cracking was avoided. The achieved pore-
free and crack-free microstructure fostered enhanced fracture
toughness and large size persistent currents, which stimulated
the mechanical reliability and the trapped field performances.
A considerable fostering of the internal thermal exchange and
a compensation for induced magnetic stresses were achieved
by inserting Al wires in the holes and impregnating the sample
with resin loaded in Al powder, which leads trapped fields to
shift to higher values. The B, value of 5.2 T recorded on the
unreinforced thin-wall superconductor at 17 K is attained on
the reinforced one at 31 K. A maximum trapped field B, of
6.34 T was reached at 17 K on =16 mm-diameter reinforced
thm wall superconductor resulting in a striking field density
B /s = 3.19Tem 2, which is among the highest values attained
so far for Y123 materlals.
It is clear from the results reported here that the proposed
approach brings decisive solutions to many problems having
impeded heretofore the development of bulk RE-Ba-Cu-O
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single domains, which ushers in broad-based RE-Ba-Cu-O bulk
superconductor engineering applications.

8. Experimental Section

Drilled Preform Preparation: The starting precursors 70 wt% Y123,
30 wt% Y211 and 0.15 wt% PtO, (in excess) were weighed and mixed
in dry conditions inside an argon-filled glove-box with less than 0.5 ppm
0O, and H,0. The powder mixture was uniaxially cold-pressed under
moderate pressure (4.5 MPa) into drilled pellets using 20 mm-diameter
die with 0.5 mm-diameter embedded needles enabling to introduce a
regular network of holes spaced by 2.5 mm-thickness walls.

YBa,Cu30;.5 Crystal Growth: The prepared drilled preforms were put
on an alumina-bearing plate with two intermediate buffer layers: a layer
of Y,0; powder to absorb liquid loss and prevent reaction with alumina,
and a 2 mm-thickness disc of {80 wt% Y123 + 20 wt% YbBa,Cu30;.4}
mixture to avoid the nucleation of parasite crystals from the pellet
bottom through the introduction of elements possessing lower melting
point. A commercial seed with dimensions of 2 mm X 2 mm, cut out
Theva Gmbh films (a 200 nm-NdBCO thin layer deposited on MgO
substrate), was placed at the central position on top of each preform
with the (a,b) plane of the NdBCO film in direct contact with the
surface precursor preform. The entire arrangement was placed in a box
furnace equipped with in-situ video monitoring which allows real-time
control of the crystal growth. The samples were rapidly heated in air to
1054 °C, held for 2 h to get complete peritectic decomposition into a
liquid rich in barium and copper, and skeleton of solid Y211 inclusions.
They were quickly cooled to 1020 °C before setting cooling at very low
rates (<2 °C h™"). The crystal growth starts around 1004 °C in a narrow
solidification window where the samples are gently cooled (0.1 °C h™")
till the growth gets at the preform edge. The growth proceeds down
to the samples bottom with a slight faster cooling (0.5-1 °C h™'). The
single-grains are finely cooled under a nitrogen flow from 930 °C to
room temperature.

Assessment of the Fracture Toughness: Using a MTS-BRUCK mechanical
testing device, a course of Vickers indentation tests at room temperature
were carried out on polished sections of a thin-wall sample progressively
oxygenated. The indentation induces micro-cracking around the indent
impression as shown on the micrograph of Figure 2. The fracture
toughness, K, was computed from the applied load and the crack
lengths ¢; and ¢, according to the formula reported elsewhere.?3-2°] The
loading time was set at 10 s and the imprints were introduced in the
(a,b) and (a,c)/(b,c) planes. At least 15 valid imprints were performed at
each direction to assess the mean K.
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