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Abstract: A large drilled single domain SmBayCuzO7_5 (SmBCO) bulk superconductor with a
diameter of 32 mm and different hole sizes was successfully fabricated using the modified top-
seeded infiltration and growth (TSIG) process. The morphology, superconducting properties, and
grain boundary orientation growth of the drilled SmBCO samples were investigated. It was found
that not only are the properties of the drilled sample equivalent to those of normal SmBCO bulk
superconductors, but also the NdBCO seed crystal can be well controlled because of the increase in
the specific surface area in the solid phase pellet. In addition, the growth orientation along the tangent
direction of the holes was first noticed in the drilled single domain SmBCO bulk superconductor. This
conclusion is highly important for the accurate control of the growth temperature of high temperature
bulk superconductors.

Keywords: drilled SmBCO bulk superconductor; TSIG process; superconducting properties; crystal
growth orientation

1. Introduction

Due to their zero-resistance property and diamagnetism, superconducting materials have
attracted significant attention since their discovery [1-3]. Single domain (RE)BayCusO7_5
(REBCO) (RE a is rare-earth element, such as Nd, Sm, Gd, and Y) bulk superconductors
have been widely investigated during the past three decades because of their remarkable
potential in various applications areas [4-8]. Compared to the growth of YBCO and
GdBCO bulk superconductors, single domain SmBCO bulk superconductors attract greater
attention because their peak effect allows a high critical current density (J) to be maintained
in a larger applied magnetic field [9,10].

Various reasons restrict the further growth of SmBCO bulk superconductors, such as
the rapid growth rate, high peritectic reaction temperature, high melting temperature, and
the requirement for processing the material under lower oxygen partial pressure to inhibit
the substitution of Sm/Ba in the superconducting SmBay,CuzO7_s (Sm-123) phase [9].
Therefore, it is difficult to grow a large single domain SmBCO bulk superconductor with
good superconducting properties without any dopant under atmospheric conditions. It
has been reported that the development of MgO-NdBCO generic seed was used for fabri-
cating REBCO bulk superconductors in the air using top-seeded melted texture growth
(TSMTG) and top-seeded infiltration and growth (TSIG) processes [11,12]. It appears that
the MgO-NdBCO generic seed has a higher melting temperature and similar crystal struc-
ture to all bulk superconductors in REBCO, although the difference in melting temperature
between SmBCO precursor powders and the seed crystal is relatively small. However, no
explanation was provided in the above references for the melting of NdBCO seed crystal
without MgO doping during the processing of SmBCO bulk superconductors.
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During the process of fabricating SmBCO bulk superconductors, the difference in the
thermal field in the furnace, and the composition differences between the solid phase and
NdBCO seed crystal, cause the heat release of the molten solid phase to be uneven and
slow, and result in gradual accumulation of energy inside the solid phase. The energy
accumulation between the solid phase and the seed crystal leads to abrupt changes in the
interface. The interfacial energy is sufficiently high that the undersurface of the NdBCO
seed crystal melts, and it appears that induction from the seed is ineffective. Therefore, to
avoid melting the NdBCO seed crystals during the growth of SmBCO bulk superconductors,
two aspects should be considered. The first is to increase the melting temperature (Tp)
of the NdBCO seed crystal to maintaining its thermal stability, which has been studied
by several research groups [11,13,14]. The second is to enhance the heat dissipation of
the solid phase rapidly and effectively to reduce the energy accumulation. Chaud et al.
reported that a successful YBCO bulk superconductor from drilled preforms with a porous
network structure of holes presented a high performance in terms of increasing the specific
surface area [15]. As indicated, such a porous structure can increase the surface area ratio,
which allows the interfacial energy to be released efficiently.

Hence, in the current study, crack-free SmBCO bulk superconductors with a porous
structure derived from the thin-wall material concept of reference [16] were successfully
fabricated on the basis of the conventional NdBCO seed crystal with the modified TSIG
process. When the porous structure was introduced, the surface temperature field dis-
tribution of the sample was changed during the growth process. The heat capacity of
the upper surface of the sample increased when there were holes in the sample, so the
surface temperature was lower than that of the normal sample due to the release of in-
terfacial energy during the heating process. It was clear that the NdBCO seed was well
controlled due to the release of interfacial energy from the solid phase pellet. In addition,
the growth characteristics, and superconducting properties and growth orientation of the
drilled samples, were investigated in detail.

2. Facile Preparation of Drilled SmBCO Bulk Superconductor

First, powders of BaCuO, were fabricated in-house using the raw materials BaCOj3
(purity 99.9%) and CuO (purity 99.9%). Only one type of powder (BaCuO,) was required
to fabricate single domain SmBCO bulk superconductors during the preparation process.
Next, SmyO3 (purity 99.9%) and BaCuO, powders were weighed according to molar ratio
Sm;03:CaCuO; = 1:1.2, then mixed and pressed in batches of 30 g, as a solid phase pellet
with a diameter of 32 mm and a height of 13 mm. Then, four symmetrical holes with an
inner diameter of 3.5 mm were drilled parallel to the c-axis on the surface of the solid phase
pellet; a diagram of the drilled solid phase precursor block is shown in Figure 1. The liquid
phase pellet, using a Y-based liquid source, was prepared following references [17,18].
The Yb,O3 powder (purity 99.9%) was then pressed into a thin cylindrical block, with a
diameter of 40 mm, as a ground substrate to support the liquid phase during the heating
process to prevent the loss of the liquid phase [19]. Finally, the precursor sample was
assembled via the typical configuration before the TSIG process, with a NdBCO seed
crystal placed at the center of the top surface of the drilled SmBCO pellet and the a-b plane
parallel to the surface [20].

The assembled sample was placed in a self-designed high temperature tube furnace
with an appropriate temperature gradient, which prevented the random nucleation of
SmBCO crystals at the edges of samples [21,22]. The next sample was heated to dwelling
temperature (T, 850 °C) at a rate of 150 °C/h. This was followed by 10 h dwelling for
nodulizing to achieve the SmyBaCuOs (Sm211) phase and venting the gas from precursor
sample, and then heating to 1074 °C in 1.5 h and holding for 2 h. During the heating
process, Ba and Cu particles in the liquid phase were infiltrated into the solid phase pellet
through capillary operation by the NdBCO seed, and the Sm123 phase was subsequently
generated. In the heat preservation process, the Sm123 phase was decomposed into the
Sm211 phase and Ba-Cu rich phase. At that moment, the liquid phase was completely
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infiltrated into the solid phase pellet and the solid phase pellet remained in a semi-molten
state for some time. Then, the sample was rapidly cooled to 1060 °C; the sample was
then cooled slowly to 1044 °C at a lower rate of 0.5 °C/h. In this slow cooling process,
the Sm211 phase and Ba-Cu rich phase reacted to grow the Sm123 phase, and the texture
was induced by the NdBCO seed crystal to grow a tetragonal phase structure. Finally, the
furnace was cooled to room temperature; the temperature profile is shown in Figure 2. The
as-grown SmBCO sample bulk was heated to 290 °C and then cooled to 270 °C slowly for
200 h at the oxygen flow rate of 200 mL/min, so that the as-grown drilled single domain
SmBCO could further accomplish the phase transition from the tetragonal phase to the
orthorhombic phase, and possess superconducting properties. Furthermore, the magnetic
levitation force of the SmBCO sample was measured in a self-designed 3D levitation force
measuring device [23].

Seed crystal

Holes

Hole

Solid phase pellet

Figure 1. Diagrammatic drawing of the drilled solid phase precursor pellet.

1074°C -
L losons
1060°C "~z 1044C
850°C
RT
10h 2h 32h

Figure 2. Heat treatment profile used for the drilled single domain SmBCO bulk superconductor.

3. Results and Discussion
3.1. The Surface Morphology of the Drilled Single Domain SmBCO Bulk Superconductor

Figure 3a shows the top surface macroscopic feature of the drilled SmBCO bulk
superconductor fabricated by the modified TSIG process [18]. It can be seen that the drilled
SmBCO bulk superconductor displayed a clear “X-type” a/b growth sector boundary
(a/b-GSB), which indicated that the drilled SmBCO sample was grown as a single domain
bulk. Meanwhile, the sample exhibited clear, fourfold growth sector boundaries on the
top surface, and no spontaneous satellite grains were observed in the SmBCO sample.
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Here, it is noted that spacing between holes and growth morphology is not symmetric.
This is because the symmetry between the holes and growth morphology depends on the
position and direction of the seed crystal placement. In this work, firstly the solid phase
pellet with a porous structure was prepared and the NdBCO seed crystal was then placed
manually in the center of the upper surface sample. During the placement of the crystal,
it is very difficult to recognize the a/b face orientation. Hence, it is not easy to obtain
a perfectly symmetrical structure. It can be seen that the porous structure cannot affect
the growth morphology of the single domain SmBCO bulk superconductors; this is the
essential characteristic of the single domain bulk superconductor. It is also noted that the
perforation can avoid the melting of the NdBCO seed crystal and result in normal growth
due to the release of interfacial energy from the solid phase pellet. Interestingly, some of
the sub-domain boundaries from the surface near the holes were observed, and are marked
by white circles in Figure 3a (the reason will be explained in detail later in this paper). The
X-ray diffraction (XRD) of the drilled SmBCO bulk superconductor was also undertaken
for a small specimen cleaved from the surface sample. Figure 3b shows that only (00L)
diffraction peaks were observed, indicating that the sample was highly oriented with the
c-axis perpendicular to the surface. This result indicates that the drilled SmBCO sample
had the classic characteristic of a single domain with better texture orientation.
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Figure 3. (a) The top surface macroscopic features of the as-grown drilled SmBCO single domain
sample with a diameter of 32 mm; (b) the X-ray diffraction pattern of the drilled sample.

3.2. The Superconducting Properties of the Drilled Single Domain SmBCO Bulk Superconductor

Figure 4 shows the levitation force-distance z (F-z; z is the distance between the
NdFeB permanent magnet and the surface of the drilled SmBCO bulk) curves between the
cylindrical NdFeB magnet (® = 32 mm, B = 0.5 T) and the drilled SmBCO sample, which
was measured at 77 K under a zero-field cooling (ZFC) state, using the 3D magnetic force
and field measuring device designed by ourselves. The NdFeB permanent magnet then
moved following a path set by the program instruction perpendicular to the surface sample.
The descending and ascending speeds of the NdFeB permanent magnet to the surface of
the drilled SmBCO sample were at the same velocity of 0.4 mm/s. In this experiment,
the peak value of magnetic levitation force measured was obtained at the smallest gap
(0.1 mm) between the two nearest surfaces of the magnet and the drilled SmBCO sample.
The levitation force recorded during the motion is shown in Figure 4. As can be seen, the
highest levitation force of the drilled SmBCO sample reached 66.3 N, and the density of
the levitation force was close to 8.24 N/cm?. This result indicates that the drilled single
domain SmBCO bulk superconductor had a slightly lower performance compared with
the normal REBCO (RE =Y, Gd, and Sm) bulk superconductor fabricated at SNNU [24-26].
This may be because the sub-domain boundaries from the surface near the holes exist as
the specific surface area increases.
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Figure 4. Levitation force—distance z curves of the drilled SmBCO bulk sample under zero-field
cooled state at 77 K.

The critical temperature (T.) and critical current density (J.) of the drilled SmBCO
bulk sample were measured using a vibrating sample magnetometer (VSM). Initially, the
sample was cleaved from the center position for measurement as shown in the inset of
Figure 5. Then, the magnet moment was tested with temperature descending from 100
to 70 K under an external magnetic field of 0.01 T applied parallel to the ab-axis. The
size of the specimen was 2 x 3 x 2 mm?. As seen in Figure 5a, this resulted in a steep
superconducting transition curve with an onset temperature of 93.85 K, with a transition
width less than 2 K (the difference in temperature between 10% and 80% of the maximum
diamagnetic momentum). This result is similar to the T, values of a normal SmBCO bulk
superconductor prepared with ZrO, doping [27].
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Figure 5. The superconducting properties of specimens cut from different positions in a drilled single domain SmBCO bulk

superconductor: (a) critical temperature; (b) critical current density.

The measured value of ] is shown in Figure 5b, values of which were calculated from
magnetic loop measurements using the extended Bean mode [28,29]. The J.-H curve (77K,
H/ /c-axis) is shown for the drilled single domain SmBCO bulk sample with two different
specimens at positions b1 and c1 (the specimens are marked in the inset of Figure 5b). As
shown in the figure, all of the data exhibits a decrease, with H at a low field, and then an
evident strong peak effect at an intermediate field between 1 and 1.5 T, which is the fishtail
peak (also called the peak effect). We can see that the specimen c1 exhibits a zero-field J.
value of 2.95 x 10* A/cm?, and a secondary peak of 2.04 x 10* A/cm? is presented at a field
of 1 T. The specimen b1 exhibits a zero-field J. value of 2.41 x 10* A/cm?, and a secondary
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peak of 1.94 x 10* A/cm?, which is lower than that value of the b1 specimen. There are
two possible reasons. The first is due to the weak link effect. There are four existing zones
(100/010) which can easily lead to a weak link with growth in the c-direction, and the lower
values of specimen bl can be traced to the weak link from the a-b boundary line. The other
reason relates to the pushing-trapping theory; during the partially molten state, the critical
growth rate (R) of the SmBCO samples gradually increases with the decrease in the growth
temperature. It can be deduced that the critical radius of Sm211 particles that were trapped
by the liquid phase source becomes smaller. As a result, the smaller size particles that are
pushed to the edge of the growth front remain in the growth area, so a number of Sm211
particles exist in the depth of the sample. Hence, the critical current density of cl is higher
than that of b1.

3.3. The Crystal Growth Orientation Analysis of the Drilled Single Domain SmBCO Bulk
Superconductor

As previously mentioned, the drilled single domain SmBCO bulk sample displays
a slightly reduced performance, which appears to be weakly affected by the holes. To
determine the effect of the holes on the growth of the drilled SmBCO bulk sample, another
drilled single domain SmBCO bulk sample was fabricated with four larger holes with an
inner diameter of 6.5 mm; the top surface macrostructure is shown in Figure 6a. The growth
orientation of the drilled SmBCO sample induced by the NdBCO seed crystal can be clearly
observed. In each domain sector of the drilled sample, the crystal growth orientation
extends from the seed crystal along the diameter to the edge and converges at the sector
boundaries to form a vertical angle, as shown in the upper and left marks of Figure 6a. In
addition, it appears that beyond the two parallel tangents of the hole, the crystal orientation
is along the diameter with normal growth. However, within two parallel tangents of the
hole, the crystals are oriented at an angle and converge at the center, as shown in Figure 6a.
For further clarification of the growth orientation of the drilled SmBCO sample, the top
surface schematic illustration of the drilled sample is shown in Figure 6b. As can be seen,
the NdBCO seed crystal induced the orientation of crystal growth within the four sectors,
and the orientation of crystal growth from the seed crystal is from the diameter to the
edge, and the junction between the vertical angles. In addition, the epitaxial growth of
the fan-shaped region from the central seed crystal continues to grow along the tangent
line at the edge of the hole position, and then presents the phenomenon of aggregating to
the center. This result provides further understanding for investigating the growth of the
drilled single domain SmBCO bulk superconductor.

Figure 6. (a) The top surface morphology of the as-grown drilled SmBCO single domain sample
with a 32 mm diameter and 6.5 mm inner diameter; (b) The top surface schematic illustration of the
drilled sample.
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Figure 7 shows a three-dimensional (3D) growth simulation illustration of the single
domain SmBCO bulk superconductor with different crystallization structure. Figure 7a
shows a typical 3D macroscopic crystallization structure of a large faceted interface for
a normal REBCO sample [30-32]. It is noted that the grown REBCO crystal consists of
five regions: four regions of g-axis growth and one region of c-axis growth [33], which are
perpendicular to the other two faces. Regarding the geometrical model, the crystal face
towards the growth direction of the RE123 crystals in directional solidification was found
to be close to the (110) face (a-b boundary), which was selected as a result of preferential
growth. The growth rate of g-axis faces has been evaluated to be 1.5 times faster than that
of c-axis faces from the steady state condition [31]. Therefore, for the drilled sample, as
mentioned above, the epitaxial growth of the domain region occurs along the tangent line
at the edge of the hole position when the orientation of crystal growth from the seed crystal
is from the diameter to the edge. Encouragingly, the surface macroscopic images of the
drilled single domain SmBCO sample (Figures 3 and 6) also reflect this point.

(a) (b)

Figure 7. Three-dimensional simulation illustration showing changes of the single domain SmBCO
crystallization structure: (a) normal sample; (b) drilled sample.

4. Conclusions

Drilled single domain SmBCO bulk superconductors with different hole sizes were
fabricated using the modified TSIG process in this work. By drilling the holes in four
different growth sectors, it was found that random melting of the NdBCO seed can rarely
be well controlled by this process due to the increase in the specific surface area of the
solid phase pellet. Most importantly, for the first time, the growth pattern in the tangent
direction was successfully noted in the drilled single domain SmBCO bulk, providing
further understanding of the growth mechanism in high temperature superconductors.
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