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Abstract— Resistive fault current limiters require long length of 
superconducting materials with relatively low sections. Meander 
is now a frequently used geometry for this type of application. 
Nevertheless, the shaping of a textured sample is a quite delicate 
operation because of its brittle character. Cracks are often 
observed in the final meander and reduce the life time of these 
samples. Recently, we have presented a new process that allows 
overcoming this problem. Sintered pellets are drilled before the 
melt texturing step, which decreases consequently the mechanical 
stresses due to the shaping after the melt texture step. The idea is 
to reproduce the meander pattern; hence holes performed do not 
cross the whole sample thickness but alternatively emerge from 
top or bottom of the samples. Then, slices of the textured samples 
face like meanders. Different geometries have been tested with 
holes emerging perpendicular to the (ab) planes or parallel top 
the (ab) planes. The annealing time under oxygen flow has been 
studied to fit the required critical current densities values, which 
were evaluated through transport measurements at 77K. SEM 
studies allow comparing both configurations and in particular 
the crack existence. The quality of the textured material around 
the holes was found not to be deteriorated compared to the bulk 
microstructure. Finally, the influence of the holes on the textured 
quality was checked by neutron diffraction. 
 
Index Terms— High-temperature superconductors, 
Superconducting materials growth, Superconducting materials 
measurements, Yttrium compounds. 
 

I. INTRODUCTION 
NE of the potential applications of the high Tc 
superconductors is the fault current limiters. These 

devices are able to limit the current in electrical networks in 
case of fault conditions (short circuits, overloads). The big 
advantages of the superconducting materials rest in their fast 
response to the current variations from one hand and from the 
fact that they should not be too deteriorated by the 
superconducting to normal transition, and hence have not to be 
changed at each fault condition event. 

Two main types of fault current limiters exist: the inductive 
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one and the resistive one [1, 2]. The inductive ones work as 
transformers and use rings of superconducting materials 
through which the current to limit never goes [2]. In the case 
of resistive fault current limiters, the current goes through the 
superconducting material. When this current exceeds a fixed 
value, the material goes in its normal resistive state, abruptly 
increasing the total resistance of the system.  

The high Tc superconductor YBa2Cu3Oy (Y123 for brevity) 
can be used for this purpose. But for resistive fault current 
limiters, long lengths of textured material are required, with 
generally a relatively low section. As long lengths are difficult 
to texture, one common solution is to use meanders. Then, 
slices of textured pellets are cut to reproduce the meanders 
pattern. The problem of this method is linked with the very 
brittle character of Y123 textured material: the mechanical 
treatments often result in macrocracked, even broken samples.  

Recently, we have presented a method allowing a shaping 
of the material with an artificial array of holes. The basic aims 
were to reduce bulk porosity, improve the bulk oxygenation, 
hence diminishing the cracking linked with the reduction of 
the c axis with oxygen uptake and finally to increase the 
cooling surface of the superconducting element in use [3]. 
This technique has been adapted to the fabrication of 
meanders with holes alternatively emerging from top or 
bottom of the samples. As the shaping step is performed 
before the texture step, the mechanical stresses are greatly 
reduced in the final material. 

II. EXPERIMENTAL DETAILS 
 
Doping compounds are added to Y123 material in order to 

improve its superconducting and/or mechanical properties. In 
the case of the fault current limiter application, the value of 
the critical current density (Jc) should not be too high; else the 
common values of the current to limit would impose too small 
dimensions for the superconducting sample, leading in an 
increased fragility. Moreover, efforts should be made to try to 
avoid to a maximum the crack formation during each step of 
the preparation. It has been shown that cracks appear in the 
textured material for several reasons [4-6]. In particular, a too 
large size of the trapped Y2BaCuO5 particles (Y211) and their 
inhomogeneous distribution in the whole volume result in 
micro and macrocracking during the melt texturing process. 
Indeed, the thermal expansion coefficient of Y211 is higher 
than the Y123’s one along the c axis, which induces cracking 
during the cooling down from 900°C to room temperature. 
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Hence, the cerium oxide doping was chosen. First of all, it 
limits the Y211 coarsening in the melted stage, secondly Y211 
particles are more uniformly distributed in the whole sample, 
probably due to similar crystal growth rates of Y123 in the 
(ab) planes and along the c axis direction. Finally, it leads to 
mean values of the critical current density [7]. Raw powders 
of Y123 (purity 99.9%), Y211 (purity 99.9%) were mixed in a 
molar ratio 1:0.25 added with 0.5 wt % of CeO2 (purity 
99.9%). The powders were uniaxially pressed in the shape of a 
parallelepiped before being sintered during 12 hours at 920°C 
under air atmosphere. Consolidated samples can then be 
drilled. Two configurations were studied: with the holes 
parallel to the (ab) planes or to the c axis. This last 
configuration is interesting for fault current limitation since 
the resistivity along the c axis is higher, hence smaller lengths 
are required [6]. To reproduce the meander patterns, holes 
alternatively emerge respectively from one side or from the 
other one (holes parallel to (ab) planes), or from top or bottom 
of the samples (holes parallel to c axis). 0.5 mm and 1.0 mm 
diameter holes were processed in the configuration parallel to 
the (ab) planes, with a fixed distance of 2 mm between the 
edges of two neighbour holes (fig.1). The first holes were 
drilled approximately 1 mm under the top surface. 2 mm 
diameter holes were processed in the configuration parallel to 
the c axis. 

 

Drilled samples were placed on a Y2O3 / Yb2O3 layers in 
order to avoid both contamination from alumina support and 
parasite nucleation from the bottom. Sm123 melt textured 
samples were used as seed and the texturing process described 
in ref. [7] was applied.  

Quantitative texture analysis was operated using neutron 
diffraction experiments at the D1B line of ILL (Grenoble-
France). We used the position sensitive detector, which spans 
a 80° range in 2 θ and an Eulerian cradle in order to give the 
sample all the orientations successively. Wavelength was 
fixed at 2.523 Å and scans were measured with 5° steps in 
both pole distance (χ from 0 to 90°) and azimuth (ϕ from 0 to 
355°). A total of 1368 2θ-diagrams were collected in as many 
sample orientations. From them, pole figures were constructed 
using the Le Bail intensity extraction model implemented in 
the Rietveld code of the MAUD package [8]. The combined 
methodology [9] was applied in order to reline the orientation 
distribution function using the WIMV approach [10]. 

Microstructures of the samples were checked by SEM 
observations (Philips, FEG XL 30).  

Small bars of 1 mm x 0.6 mm in section and parallel to the 
(ab) planes were extracted from bulk sample to study the 
evolution of the resistivity and of the critical current density at 
various oxygenation times. Contacts were made with silver 

paste and the samples were annealed under flowing oxygen 
during 30 minutes at 900°C for the silver diffusion in the 
material, followed by a cooling in 7 hours down to 430°C. 
Then, dwells of 0, 25 or 50 hours were applied, before a 
cooling in 10 hours down to room temperature. Transport 
critical current Ic was measured on two samples each time, in 
continuous increasing of the current (10 A/s) at 77K and in 
self field. The resistivity was measured in decreasing 
temperature from 300K down to 40K, in self field and with a 
current of 5 mA ( PPMS Quantum design). 

III. RESULTS 
 
Fig. 2 shows the samples obtained in the case of an ab 

drilling (fig. 2a to 2c) and a (c) axis drilling (fig. 2d and 2e). It 
clearly appears on these figures that the growth has occurred 
in nearly the whole sample, without being hindered by the 
holes. Moreover, the meander patterns can be observed in the 
both configurations, confirming that the holes are not filled by 
the liquid in the melted stage. The diameter of the holes after 
the melt texture step corresponds to 0.46 mm, 0.93 mm and 
1.6 to 1.8 mm for respectively the initial 0.5 mm, 1 mm ((ab) 
configuration) and 2 mm ((c) configuration). A higher density 
of the material is also observed in the whole material, which is 
in the sense of a reduction of the number of cracks, since the 
stress fields are higher in the vicinity of pores [6]. 

 
 

 
 

 

 

 
Fig. 2.  (a) Top surface of an (ab) drilled sample  (b) side of an (ab) drilled 
sample  (c) Typical macrostructure in the (ab) plane showing the meander 
pattern. Cleaved zones due to the polishing process sometimes appear on the 
side of the holes  (d) Top surface of a c drilled sample  (e) Meander pattern 
observed along a c axis. 
 

Neutron texture analysis has been performed a sample with 
holes parallel to the c axis to check the eventual perturbation 
on the texture quality induced by the hole presence in a sample 
volume of approximately 1 cm3. Fig. 3 shows the {003} and 
{010} pole figures as reconstructed from the orientation 
distribution function.  

 

 
Fig.1.  Shape of the drilling pattern 

a b c d e 

c axis 
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Very high levels of textured are observed with maxima of 
around 130 and 70 times the level for a randomly oriented 
powder for {003} and {010} respectively.  

 
Although such high texture levels are still lower than the 

ones obtained in Y123 thin films [11], they represent the 
largest values actually mentioned in the literature. 
Correspondingly, only one domain is observed and the c and a 
axes are very narrowly distributed, thereby reducing both twist 
and tilt grain boundary effects.   

From this, it can be concluded that holes parallel to the c 
axis do not perturb the crystal growth. Analyses on (ab) drilled 
samples are now in progress. 

For the fault current limiter application, no macrocracks 
should appear in the meanders. Nevertheless, on both 
configurations samples, macrocracks have developed along 
the (ab) planes even before the annealing step. These cracks 
are very difficult to avoid, although this problem has been 
largely studied [4-6]. One recently reported solution for small 
samples consists in a cooling under nitrogen atmosphere [6] 
before the oxygen annealing, which was not the case here. If 
these cracks are not so detrimental in the case of (ab) drilled 
samples, they will stop the current flow in the case of the (c) 
axis drilled sample, where meanders are parallel to c.  

SEM observations were performed to study the 
microstructure of the samples and confirmed a homogeneous 
distribution of the Y211 particles in the bulk and around the 
holes. The classical size of Y211 particles is illustrated on fig. 
4. No pollution that would have been induced by the drilling, 

such as carbon or iron has been noticed. 
Microcracks parallel to the (ab) planes are present, which is 

coherent with the fact that the Y211 mean size is larger than 
the critical size for microcracking, which was calculated as 
0.24 µm in an orthorhombic symmetry [4]. 

No cracks developing in the (ac) or (bc) planes are observed 

in the (ab) planes before the annealing step (fig. 5). 
From these first observations, it appears that meanders 

parallel to the c axis contain macro and micro-cracks crossing 
the current path even before the annealing step. Hence, 
improving of the Y211 size range and of the cooling 
conditions, in particular the cooling rate and atmosphere is a 
necessity to further consider this configuration for applications 
in fault current limiters. 

On the contrary, (ab) meanders appear suitable for this kind 
of application. 

Consequently, to lightly investigate the influence of the 
annealing time on the properties of this doped material, 
measurements of  the transport critical currents (Ic) and of the 
resistivity in the (ab) planes of samples being annealed 0, 25 
and 50 hours at 430°C have been performed. Values of 20 A, 
40 A and 159 A were measured respectively corresponding to 
3 kA/cm2, 6 kA/cm2 and 26 kA/cm2. A classical value of well 
oxygenated samples has previously been measured to 40 
kA/cm2, which corresponds to an annealing of approximately 
150 hours [12]. This shows that at 430°C the annealing should 
be shorter than 25 hours to have reasonable Ic. Resistivity 
curves are illustrated below (fig. 6). 

 
Fig.3  Recalculated {003} and {010} pole figures showing the high level of distribution density attained in the hole patterned samples. These figures 
correspond to equal area projection with a logarithmic density scale. Levels lower than 1 mrd have been removed. 

 
Fig. 4.  Microstructure of the sample, observed parallel to the c axis.   

 
Fig 5.  Microstructure of the ab plane drilled sample between two neighbour 
holes. Cleaved zones due to the polishing process sometimes appear on the side 
of the holes. 
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The three 
annealed 

samples are 
supercondu

cting with 
an offset 

transition 
between 81 
and 85 K 

depending 
on the 

annealing 
time. 

Resistivities at 200 K vary between 1.1 and 2.3 mΩ.cm also 
depending on the annealing time. According to [6] the safe 
current density Jmax that can support a superconducting sample 
with no destruction can be estimated with the following 
formula: 

)(
18000)/( 2

max cm
cmAJ

Ω
=

ρ
 (1) 

To protect the samples from melting, Jc must be lower or 
equal to this value, which is approximately 3 kA/cm2 for the 
three samples. This would mean that the first annealing would 
suit the requirement. Unfortunately, samples used for the Ic 
measurements have broken each time, suggesting that the Jc is 
always a little bit high in comparison to the resistivity. 

IV. CONCLUSION 
Meander patterns have been successfully drawn in a bulk 

pellet, thanks to the addition of a drilling step before the melt 
texturing process. Meanders parallel to the (ab) planes appear 
really interesting regarding the microstructure and the high  
material density. No pollution induced by the drilling step has 
been noticed. Micro or microcracks crossing the current path 
have not been observed in this configuration before the 
annealing. Nevertheless, the annealing conditions need to be 
further investigated to really fit the required values of Jc 
versus resisivity. A cooling down in nitrogen atmosphere, a 
short annealing at high temperature, or silver additions could 
be ways to improve the different parameters. These 
experiments are now in progress, as well as the textured 
analysis of (ab) drilled samples. 
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Fig. 6.  (ab) resistivity curves of samples annealed 0 
hours, 25 hours and 50 hours at 430°C. The inset 
represents a zoom of the curves around the transition 
temperatures. 


