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The recently reported hole-patterned YBa;Cu30,, (Y123) bulks
with improved superconducting properties are highly interesting
from material quality and application variety points of view. It is
well known that the core of plain bulk superconductors needs to
be fully oxygenated and some defects like cracks, pores, and
voids must be suppressed in order that the material can trap a
high magnetic field or carry a high current density. To minimize
the above defects, we have used a combination of standard su-
perconducting ceramic processing and an infiltration technique
to prepare regularly perforated YBa;Cu30,, (Y123) bulk super-
conductors. This process leads to negligible shrinkage upon an-
nealing and a uniform distribution of Y211 inclusions. Texture
was evidenced by neutron pole figure measurements. Flux map-
ping was used to verify the superconducting homogeneity of the
samples and to investigate the field-trapping ability. In addition,
the textured drilled samples were reinforced using resin or metal
impregnation and the influence of the different processing steps
on the hardness of the materials has been investigated.

L

IT is well established that the critical current density J. is
closely related to the microstructural features in the melt-
processed REBa,Cus0, (RE =rare earth) samples."™ Dense
materials with oriented single domains, free of cracks, voids,
or porosity, are necessary to obtain large J.. The conventional
melt processing of REBa,Cu;0,, involves shrinkage5 of the pre-
form up to 25% due to the liquid-phase outflow, resulting in
distortions and macrodefects. Like directed metal oxidation
(DIMOX) or pressureless metal infiltration (PRIMEX),®’
which have been commonly used as near-net shape ceramic-
processing techniques, where the molten liquid alloy is allowed
to infiltrate into the porous preform, several works®'* have
been reported for bulk REBa,Cu30, using a similar infiltration-
growth process. This technique is compatible with processing
the material into near-net shapes free of porosity and at the
same time yields highly textured material as a single domain. In
addition, the papers dealing with these infiltration processes
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mention the uniform distribution of fine grains of Y211, Sm211,
or Nd4Ba,Cu,0, (Nd422) inclusions (insulating phase) in the
superconducting REBa,Cu30,, matrix (where RE=Y, Sm, or
Nd). It is also well known that during the oxygen annealing-
inducing superconductwlty, cracks open at the surface layer and
propagate into the bulk.">!® To overcome such problems, the
perforated geometry offers a significant potential in helping the
oxygenation process, avoiding crack developments, and increas-
ing mechanical reinforcement.

In this study, we have used the infiltration and top seed
growth (ITSG) processes to prepare textured Y123/Y211 com-
posites. Additionally, textured bulks of YBCO with multiple
holes were processed and characterized using neutron-preferred
orientation measurements and magnetic flux mapping, and the
mechanical properties of the different samples have been
compared.

II. Experimental Procedure

The details of ITSG and multlple holes process of YBa,Cu30,
(Y123) are reported elsewhere.'® Basically, The Y,Ba,Cu,O
(Y211) block or pellet was placed on top of the liquid phase
(3BaCuO,+2Cu0) or Ba;CusOg (Y035) to allow the liquid in-
filtration driving by capillarity force. An Sm123 seed as a nu-
cleation center was placed on the top of the Y211 preform. The
holes in the preform were realized by drilling cylindrical cavities
with a diameter of 0.5-2 mm through the circular or square-
shaped sample. The holes are arranged in a regular network in
the plane of the samples (Fig. 1).

DC magnetization measurements were performed on square-
shaped samples, selected from the single domains, using a
SQUID magnetometer (Quantum Design, Oxford, U.K.) to de-
termine the critical transition temperature, 7., and critical cur-
rent density, J;, under a magnetic field. J. was estimated using
the extended Bean critical state model. Normal electrical con-
tacts between the samples and current leads were prepared by
painting commercial silver paste (Dupont 4929, Bristol, U.K.).
The samples were annealed in flowing oxygen at 900°C for half
an hour to ensure a good silver diffusion, followed by oxygen-
ation at 450°C for 150 h. The typical contact resistances were <
1 pQ-cm? at 77 K. The transport critical current measurements,
Jt, were performed using a 600 A power supply (MB-Electroni-
que Inc., Buc, France) at 77 K in self-field. In addition, the
magnetization hysteresis loops of all samples were measured at
77 K using a SQUID magnetometer.

The capability of the whole sample to carry supercurrents in
large current loops in the sample volume has been investigated
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Liquid source
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Fig.1. (a) Configuration (cross section) used for converting the me-
chanically drilled Y,BaCuOs into a single grain of YBa,Cu;0,_; by the
infiltration and growth process. The Sm123 seed crystal used for nucle-
ation is placed on the surface of the perforated structure. The inset shows
the top view with artificially patterned holes (® = 0.5 mm). (b) Top view
of the multiple hole (® =1 mm) Y211 pellet.

using magnetic flux trapping. In such measurements, the sample
is first cooled down to 77 K in a 2 T magnetic field delivered by
a superconducting coil. In a second step, the magnetic field is
removed and the sample surface is scanned with a Hall probe at
1 mm of the surface using a 0.5 mm grid step.

In order to estimate the influence of the holes and the im-
pregnation phases on the mechanical properties of the samples,
we have determined the Vickers hardness of hole-free specimens,
of nonimpregnated-drilled samples (hole diameters of 0.5 and 1

(a)
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mm), and drilled samples impregnated by metal (hole diameters
of 0.5 and 1 mm) and resin (holes diameter of 0.5 mm).

The Vickers indentations were operated on polished surfaces
by means of a Zwick testing machine. Before the test, a thin gold
layer (500 A) was sputtered on the polished surfaces of the sam-
ples, in order to obtain a clean-looking impression. A 14.7 N
load was applied for 15 s and the hardness was determined from
the usual relationship

_ 1.854P
Y4

where a is the mean half-diagonal of the square-shaped hardness
imprint (see Fig. 9(a)).

For the drilled specimens (impregnated or not), the influence
of the stress states around the holes on the hardness was inves-
tigated by performing tests in the “bulk” of the drilled samples,
between two holes (+ in Fig. 9(b)) and between four holes ( x in
Fig. 9(b)). “Bulk” refers to central positions “far away” from
the holes, but also not too close to the center, as the values could
be influenced by the seed.

III. Results and Discussion

(1) Infiltration-Growth Single Domains

A typical as-grown bulk sample obtained from the ITSG-pro-
cess is shown in Fig. 2. The trace of the faceted growth on the
surface reveals that a single-domain pellet has been successfully
elaborated. The vertical shine trace on the side of the pellet
demonstrates that the domain has grown on the whole thickness
of the pellet. One can clearly observe the strong shrinkage of the
liquid source with respect to the Y211 preform, which has been
converted to Y123 during the process following the chemical
reaction:

Y,BaCuOs(Y211) + 3(BaCuO, + 5CuO)
— 2YBa,Cu30,(Y123)

We could also observe that after the process, the Y123 pellet
(Fig. 2) nearly maintained its original dimensions with a max-
imum shrinkage of around 10%. This value is about half the one
observed for the conventional melt-textured samples.’ Optical
micrographs of polished surfaces (Fig. 3) of the samples reveal
the typical microstructural features known'® from melt-pro-
cessed bulk materials. In the present ITSG process, no specific
efforts like doping'”!® or irradiation'® have been made to op-
timize the Y211 particle size and defect density in further

Fig.2. An as-grown bulk sample obtained by infiltration and top seed growth showing the strong shrinkage of the source (a) and the single-grain
growth along the whole height of the pellet, as evidenced by the contrast on the top view (b).
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Fig.3. Microstructures of the samples prepared by infiltration and top
seed growth.

improving the critical current densities. The average size of Y211
particles is determined at 1 pm for the ITSG samples compared
with 2.4 um for conventional TSMTG!'? ones. Moreover, a uni-
form distribution of Y211 inclusions could be seen in the ITSG
microstructure. The small size of Y211 particles obtained with-
out any doping is clearly one advantage of the combination of
infiltration and top seeding growth. This refinement of Y211
inclusions is very probably the reason for good flux pinning and
high critical current densities in our ITSG samples. The homo-
geneous distribution of Y211 inclusions in the ITSG samples
can be explained by the small Y211 particles used in the Y211
preform, which are further dissolved in the liquid phase to form
a Y123 phase resulting in finer spherical Y211 particles in con-
trast to the larger acicular size Y211 and their inhomogeneous
distribution in the sample processed conventionally without any
dopants.'?

The temperature dependence of the magnetization showed a
sharp transition width of 1 K with T, ~91 K, for all samples.
The magnetic field was applied parallel to the pellet axis. The
magnetic, J, values are estimated for this direction from M to H
cycles by applying the extended Bean critical-state relation,?® as
derived from

Jo =20AM /la(1 — (a/3b))]

where AM is the magnetic hysteresis measured in emu/cm?, and
a and b are the sample dimensions (with a<b) in cm. At 77 K
and self-field, the J.. values are 86 000 A/cm2 for the ITSG sam-
ple, compared with 10000 and 90000 A/cm? for the TSMTG,
without and with dopants, respectively. These values are com-
parable with those reported in the literature.>'* We can also
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note that Delamare et al.'” and lida et al.? reported J, values of
5.5 10* and 6 x 10* Ajem? respectively, obtained on melt-tex-
tured YBCO.

The addition of Pt or CeO, is believed to reduce the interfa-
cial energy between Y211 and the liquid phase, and to conse-
quently reduce the growth of Y211 particles. The refinement of
Y211 using Pt addition leads to beneficial flux pinning and a
high-critical current density. Noticeably, in ITSG samples, high
J.’s are obtained without doping, while such a doping is neces-
sary in TSMTG samples. For ISTG samples, DC transport J&'s
of 4.3 10* Ajem? at 77 K in the self-field have been measured,
demonstrating their ability to carry high-critical transport cur-
rent density.

(2) Perforated Samples

Cubic- or cylindrically shaped pellets of the Y211 preform were
used to grow single domains of Y123 by TSMTG and ITSG
processes using the configuration described in Fig. 1. The usual
growth lines at the surface of the domains have been obtained.
This has been confirmed using video imaging® of the melt-
growth process, and on other perforated samples,”> 2’ strongly
indicating that the presence of the holes does not disturb the
growth as a single domain in the volume. Figure 4 shows cross
sections of plain (right) and perforated (left) ITSG samples. As
major information, porosity is strongly reduced in the drilled
sample, whereas the plain sample exhibits large porosities and
cracked zones. A SEM observation between two holes clearly
illustrates (i) a compact, crack-free microstructure and (ii) uni-
form distribution of the fine Y211 particles into the Y123
matrix.

(3) Trapped Field Distribution

The trapped magnetic flux mappings of the plain and drilled
samples (36 mm diameter and 15 mm height) are presented in
Figs. 5(a) and (b), respectively. The samples, conventionally ox-
ygenated at 450°C for 150 h, were previously magnetized at 2 T,
77 K, using a superconducting coil. The 3D representation of
the trapped magnetic flux roughly shows a single dome in both
cases, corresponding to the signature of a single domain. We can
then conclude that the network of holes did not significantly
affect the current loops at the macroscopic scale, except for the
empty volumes created in the material. This result is supported
by the neutron quantitative texture analysis showing only one
single domain with mean c-axis at only around 10° from the
pellet axis in the whole volume for the perforated ITSG sample
(Fig. 6(a)), with the {003} pole figure showing a maximum of
density around 95 m.r.d. (95 time the random value). Interest-
ingly, the {003} pole figure of the plain sample (Fig. 6(b)) ex-
hibits a more distributed pole of a somewhat lower maximum
density at 42 m.r.d., and small volume contributions corre-
sponding to c-axis at 90° from the pellet axis (poles located on
the equator of Fig. 6(b)). This observation could signify that the
better oxygenation of the structure due to the increased surface

Fig.4. Resulting microstructures of the drilled (left) and plain (right) samples.
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Fig.5. Trapped magnetic flux measurements on (a) drilled and (b)
plain and samples.

exchange provided by the holes also enhances the texture, at
least for crystals whose orientation is close to the main compo-
nent (main central pole of the {003} pole figure), or for crystals in
a twinned relationship with the main component (poles on the
equator). Such a behavior could be obtained by partial recrys-
tallization and/or oxygen diffusion during the oxygenation pro-
cess. Correlatively, the trapped field value is larger in the
perforated (583 mT) than in the plain (443 mT) sample. This
represents an increase of 32% for the drilled sample, in agree-
ment with our previous report>> and with the neutron texture
analysis. This increase in the trapped field is possibly due to: (i) a
better oxygenation and/or less cracks and porosities for the
drilled pellet as illustrated in Fig. 4(b) and an increase in surface
exchange, (ii) a stronger pinning due to the larger hole/solid
phase area, or (iii) a cooling enhancement by a more intimate

. 95 mrd

42 mrd

Fig.6. Neutron {003} pole figures recalculated from the ODF (a)
drilled and (b) pldm samples. Logarithmic density scale, equal area
projection.
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Fig.7. Influence of oxygen annealing showing the oxygen uptake into
the drilled and plain samples for 16 and 24 mm diameter cylinders.

contact with liquid nitrogen. This last point can be useful during
application to avoid hot spots at high currents, e.g. in fault cur-
rent limiters (FCL).

(4) Effect of Oxygenation Duration

According to their thin-wall geometry, the drilled samples
should be more oxygenated than the plain samples, because af-
ter an easy diffusion through the tube channels, oxygen can
diffuse in volumes, which could not be reached during the an-
nealing time without holes. Thermogravimetry has been chosen
to compare the oxygen uptake of our samples with and without
holes. In this study, 16- and 24-mm-diameter pellets have been
used and a network of 30 holes have been drilled. For each di-
ameter, five drilled and five plain samples have been measured

Fig.8. Reinforcement of the drilled samples by impregnation with (a)
an Sn/In alloy, (b) with wax resin and (c) top views of the samples filled
with a BiPbSnCd alloy.
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(a) Optical micrograph showing a Vickers indentation in a hole-free and impregnation-free sample; (inset) sketch of the Vickers indentation. (b)

Sketch of the different indentation positions on the drilled specimens (@, in the “bulk”; +, between two holes; x , between four holes) (the seed imprint
shows the dashed square in the middle of the sample). (c) Hardness values determined on the different samples; (d) influence of the indentation location
on the hardness values (@, in the “bulk”; +, between two holes; X, between four holes).

by thermogravimetry under the same thermal conditions. From
the initial (w;) and final (wy) weights, the relative weight gain in
oxygen is estimated

w(%) = 100(we — wi)/wi

The measurements have been operated twice to check for re-
producibility, samples being de-oxygenated at 900°C, half an
hour, and then quenched, between the two measurements. After
the second measurement, the average weight values were calcu-
lated (Fig. 7). Clearly, the oxygenation of the perforated samples
is fully operated after only 25 h, whereas plain samples need
more than 150 h under the same annealing conditions (400°—
450°C under flowing O,).!> 2% 27- 28

(5) Reinforcement of the Drilled Samples

The Y123 domain with open holes could be reinforced, e.g. by
infiltration with a low-melting metal alloy, to improve the me-
chanical properties useful for levitation applications and
trapped field magnets. The perforated Y123 bulk with 1- or 2-
mm-diameter holes were dipped into a molten Sn/In alloy or
epoxy wax at 70°C for 30 min in a pressure vessel after evacu-
ating the chamber with a rotary pump and venting in air to en-
able the molten alloy or liquid resin to fill up the holes. After
cooling, the impregnated bulk materials were polished. Some
samples have been impregnated with a BiPbSnCd alloy using a

process described elsewhere.?” Figure 8 shows the top surface
and a cross-sectional view of the impregnated Y123 bulk sam-
ples. We can notice the dense and homogeneous infiltration of
the wax epoxy and Sn/In alloy. The magnetic flux mapping of
the sample filled with a BiPbSnCd alloy has been investigated.
The same maximum trapped field of 250 mT before and after
impregnation has been measured. Presently, it is important to
develop specific shapes of bulk superconductor with improved
mechanical properties for any practical application. Different
papers have already reported and demonstrated the reinforce-
ment of bulk superconductor materials. Krabbes and col-
leagues,’®*! for example, observed that reinforcing Y123
monoliths with steel bandages and banding with high-strength
steel rings enables large grain samples to trap magnetic fields of
16 T at 24 K. In addition, Tomita and Murakami** reported
trapped fields of 17 T at 29 K for a YBCO monolith after resin
impregnation and wrapping the sample in carbon fiber.

(6) Hardness

The measured Vickers hardness of the bulk sample (i.e. nonim-
pregnated hole-free material) is about 5.6 GPa, which is in good
agreement with different values reported in the literature.>>*
Figure 9(c) shows the average values (average of eight measures
on the nonperforated samples, 18 measures on the other sam-
ples) of the hardness for the different studied samples. The large
scatter of the experimental values is explained by the coarse
microstructure of the materials and the local investigation
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technique used. Comparison of the hardness values of the bulk
with those obtained from nonimpregnated drilled samples indi-
cates that the presence of the holes has no significant influence
on the hardness of the material, whatever the diameter of the
holes, in the investigated size range. The impregnation of the
drilled samples, by metal alloy or resin, results in a decrease of
the hardness of the samples. This softening was expected as a
consequence of the introduction of a smoother phase into the
superconductor material. Moreover, as the resin is harder than
the metal alloy, the hardness value of the resin-impregnated
sample was expected to be higher than the metal-impregnated
ones, but this trend has not been clearly verified. Figure 9(d)
presents the hardness values as a function of the different loca-
tions in the samples. According to these results, no clear trend
can be established between the hardness and the location of the
test point, except for the metal-impregnated samples for which
the hardness is somewhat higher between two holes than in the
bulk or between for holes.

(7) Outlook

Porous ceramic materials, such as alumina and zirconia, are es-
tablished components in a number of industrial applications
such as inkjet printer, fuel injection systems, filters, structures
for catalysts, elements for thermal insulation, and flame barriers.
The combination of a high specific surface with the ability to be
reinforced in order to improve mechanical and thermal proper-
ties makes the perforated YBCO superconductors interesting
candidates both for a variety of novel applications and for fun-
damental studies. As an example, the artificially drilled Y123
into a desired structure®® is a good candidate for resistive el-
ements in superconducting FCL.*’*® In this application, the thin
wall between the holes allows more efficient heat transfer be-
tween a perforated superconductor and a cryogenic coolant
during an overcurrent fault compared with conventional bulk
material. The high surface area of the perforated materials,
which may be adjusted by varying the hole diameter, makes
them interesting candidates for studying fundamental aspects of
flux pinning, because the extent of surface pinning, and hence J,
are expected to differ significantly from bulk YBCO grains of
similar microstructure. This new structure has great potential
for many applications with improved performances in place of
Y123 hole-free bulks, because it should be easier to oxygenate,
and to maintain at liquid nitrogen temperature during applica-
tion, avoiding the hot-spot occurrence. For meandering FCL
elements, cutting is a crucial step as cracks appear during this
stage. This can be solved by in situ zigzag shape processing of
holes as we demonstrated the feasibility elsewhere.*®> The study
of the mechanical properties of the different samples may be
extended by determining the toughness of the materials, i.e. their
resistance to crack propagation, from the indentation cracks.

IV. Conclusion

Single-grain Y123 superconductors have been grown by liquid
infiltrating from a Y035 source into a Y211 preform. The infil-
tration-growth method allows processing of a Y123 single do-
main, with a homogeneous distribution of Y211 into the Y123
matrix. The critical current density at 77 K and the self-field was
determined to be 86 000 A/cmz, which is close to the best values
measured on samples prepared by the conventional TSMTG
process. The present ITSG process is simple and has both tech-
nical and cost advantages compared with the existing TSMTG
technique.

In addition, the textured Y123 bulks with multiple holes have
been processed and characterized. SEM studies have shown that
the holes’ presence does not hinder the domain growth. The
perforated samples exhibit a c-axis grain orientation confirmed
by pole figure and the single-domain character is evidenced by
trapped-field distribution. This new structure has great potential
for many applications with improved performances in place of
Y123 hole-free bulks because it should be easier to maintain at
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liquid nitrogen temperature during application, avoiding the
appearance of hot spots. It is clear that the Y123 bulks with an
artificial pattern of holes are beneficial to evacuate porosity from
the bulk and to uptake the oxygen.

The ability of the Y123 with multiple holes to trap a high field
has been demonstrated. At 77 K, the trapped field value for the
drilled samples is 32% larger than in the plain ones. Supercon-
ducting bulks with an artificial array of holes can be filled with
metal alloys or high-strength resins to improve their thermal
properties, without any significant decrease in the hardness, to
overcome the built-in stresses in levitation and quasi-permanent
magnet applications. Further investigations concerning other
mechanical properties of practical interest, the influence of hole
density, and interconnected arrays of holes on the transport
properties are under way.
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