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We report the evolution of the superconducting properties of a commercial coated conductor during
deoxygenation and reoxygenation processes. By analyzing the changes on the critical temperature,
T,, and critical current density, J., at 4 and 77 K, we have identified the conditions that cause a
complete deoxygenation of the coated conductor and, also, the reoxygenation conditions that

allow a recovery of the superconducting properties. A complete suppression of superconductivity
happens at ~500-550 °C under a pure argon flow. After a complete deoxygenation, we observed that
areoxygenation process at ~400-450 °C in pure oxygen flow allows, not only a full recovery, but even
an improvement in J,, both at 4 and 77 K. Such an increase of J_is kept or even enhanced, especially at
77 K, in the presence of magnetic fields up to ~ 6 T. A microstructural analysis by transmission electron
microscopy did not give evidence of major differences in the densities of Y,0; nanoparticles and
stacking faults between the pristine and reoxygenated samples, suggesting that these defects should
not be the cause of the observed enhancement of J.. Therefore, the combined action of other types

of defects, which could appear as a consequence of our reoxygenation process, and of a new level

of oxygen doping should be responsible of the J. enhancement. The higher J. that can be achieved

by using our simple reoxygenation process opens new parameter space for CCs optimization, which
means choosing a proper pO,-temperature-time trajectory for optimizing J..

In recent years, the industrial production of high-performance second-generation superconducting tapes or
Coated Conductors (CCs) has drastically increased. This allows envisaging a near future in which the use of
CCs in the fabrication of devices such as high-field magnets, fault-current limiters or motors will be a reality on
a routine basis'?. The production of CCs is a complex process. It starts by depositing several buffer layers on top
of a metallic substrate serving as chemical protection and seed for the growth of the superconducting layer that
is made of REBa,Cu;0;_s (REBCO)**. Then, the REBCO layer is coated with silver (Ag) and copper as protective
and thermal stabilizer layers, respectively.

There are many difficulties that can appear during the preparation of this intricate multilayer structure, but
most of them are related with the REBCO layer. It needs to be grown epitaxially to minimize the harmful effects
of the grain boundaries that can drastically reduce the superconducting current flow>. Furthermore, the oxy-
gen content in the superconducting layer must be carefully controlled to induce the needed transition from the
tetragonal non-superconducting phase to the orthorhombic superconducting one. Achieving the proper oxygen
content is crucial to maximize the performances of the CCs and, therefore, understanding and optimizing the
oxygenation process is a very relevant topic. This process depends on the kinetics of the oxygen diffusion pro-
cesses, oxygen incorporation (in-diffusion) and excorporation (out-diffusion), that take place in the REBCO
superconducting layer. Therefore, an improved comprehension of these diffusion processes in REBCO films is
needed to design an optimal oxygenation during the CCs fabrication.
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The oxygen diffusion in REBCO films has been extensively studied in the past, especially in films deposited
on single crystals. Moreover, the vast majority of the articles focused on the mechanism and the kinetics of
the process by doing measurements with techniques like secondary ion mass spectrometry’~®, oxygen tracer'’,
thermogravimetry'!, spectroscopic ellipsometry'? or in-situ conductance'*-?!. All of these studies demonstrate
that comprehending and controlling the diffusion process is essential to properly oxygenate the REBCO films and
maximize their performance. Furthermore, they provide evidence that variations in the microstructure among
films deposited on single crystals using different techniques lead to distinct kinetics of the oxygen diffusion in
each case. It is important to note that due to the dissimilar microstructures between films deposited on single
crystals and CCs—the latter having typically a larger amount of low-angle grain boundaries and pores compared
to films deposited on single crystals using the same techniques-, results from experiments involving films on
single crystals cannot be directly extrapolated to the CCs.

However, only a minor group of works deal with the issue of the oxygenation of CCs and, even less, con-
centrate in the superconducting properties, particularly on the critical current density (J.). Within this group,
most of the articles report on the problem of the damages that heating can cause on them??*. These reports
clarify that the exposure of CCs to heat, either as a consequence of their use for manufacturing different devices
(soldering, impregnation curing, etc.) or by accident, e.g., in a magnet quench, produce a degradation of the
superconducting properties due to the oxygen out-diffusion. Especially relevant is the work carried out in our
group by Bonura et al. that describes in detail the reasons why even at temperatures as low as ~ 170 °C there
can be an evident decrease of the critical current. This “low temperature” degradation is linked to the oxygen
diffusion process through the grain boundaries, a process that is activated at much lower temperatures than the
out-diffusion from the interior of the grains?.

Presently, there is not much information about the conditions to restore the oxygen content on a partially or
completely deoxygenated CC, i.e., how a reoxygenation process can restore the superconducting properties of
a CC. In fact, to the best of our knowledge, most of the studied on this topic have been carried out on REBCO
deposited on single crystal substrates'. Only the work of Kim et al. reports about this issue on CCs, but on nar-
row ranges of deoxygenation and oxygenation temperatures®. The clear differences between the REBCO films
deposited on a single crystal substrate or on a buffered metallic tape (thickness, grain orientation, formation of
grain boundaries, presence of protective layers, etc.) mean that the conclusions that one can get from the first
could not be applied straightforwardly to the second.

The present work tries to fill the lack of information on this topic presenting a comprehensive study of the
deoxygenation and oxygenation processes in a commercial CC. The aim was to find out if, after a complete
deoxygenation of a coated conductor, it is possible to restore its superconducting properties by doing a simple
reoxygenation process. By means of magnetic, microstructural, and transport measurements we provide insights
into i) the conditions that lead to a partial or complete deoxygenation of the CC, and ii) how to reestablish a
significant oxygen doping in the CC that allow to obtain good values of critical temperature and critical current
density through reoxygenation processes.

Methods

Preparation of the samples

The commercial coated conductor employed in this work was produced by SuperOx using YBa,Cu;0,_s (YBCO)
as superconducting layer. The tape is 12 mm-wide and the YBCO layer is ~ 3 um thick, according to the manu-
facturer specifications. The superconductor is protected by a ~2 pum thick Ag layer; a~ 1 pm-thick layer of Ag
coats also the substrate side. The nominal critical current, I, at 77 K in self-field is 595 A. No copper stabilizer is
present in this tape. The architecture and deposition techniques of the different CC layers are described in detail
in reference’. Small pieces of ~ 2.5 x 2.5 mm? or larger ones of 90 x 4 mm? were cut from the CC by scissors. The
use of scissors to cut the samples can create a certain damage, especially in the smallest samples. We estimated
this deterioration by measuring inductively the nominal self-field critical current density (J&f) at 4 K of ~ 20 pieces
of ~2.5x2.5 mm?, finding maximum differences between them of ~ 20%. For the experiments presented in this
paper, the Ag protective layer was removed in the small samples using a 1:1 mixture (in volume) of ammonia
and 30% hydrogen peroxide. We evaluated also the impact of the Ag etching on the nominal J$ by performing
magnetic measurements on samples before and directly after etching and found a decrease of ~10% in J after
the etching process.

Thermal processes

Thermal treatments were carried out in tubular furnaces with a tube diameter of 2.6 cm. To study the deoxy-
genation process, the as-received samples were heated at 10 °C/min under pure argon (Ar) flow (residual oxy-
gen ~ 1.5 ppm measured with an oxygen analyzer from Michell Instruments, gas speed ~ 3.1 cm/s) following the
profile schematically shown in Fig. 1a. The maximum temperature (Tj.,,) was changed in steps of 50 °C from
150 to 700 °C. Samples were kept at Ty, for 30 min and then quenched by moving the tube out of the heating
zone of the furnace, which gives rather modest cooling rates estimated as ~ 300 °C/min in the first 300-400 °C
of temperature decay.

The reoxygenation process was carried out following the profile displayed in Fig. 1b. First, the samples were
heated in Ar up to 750 °C and this temperature was kept for 30 min. After this, the samples were cooled until
the desired temperature T, was reached and stabilized. In this moment, the Ar flow was changed to O, (gas
speed ~ 3.1 cm/s) to reoxygenate the samples at T, for 30 min. T,.,, was changed in steps of 50 °C from 150 °C
to 700 °C. After the 30 min, the atmosphere was changed again to Ar and the samples were quenched. By chang-
ing the atmosphere from O, to Ar during the quench we were trying to limit the change in the oxygen content
during cooling, as the out-diffusion induced by Ar is much slower than the in-diffusion'®?!, and considering
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Figure 1. Examples of the thermal profiles followed to carry out (a) the deoxygenation and (b) the
reoxygenation experiments.

the high cooling rates during the quench, the final oxygen content of the films is presumed to correspond to the
one at the temperature at which the quench started. After completing the thermal process displayed in Fig. 1b,
we say that a sample passed through a complete deoxygenation/reoxygenation process.

Characterization of the samples

The field and temperature dependences of the magnetic moment were measured in the 2.5 x 2.5 mm? samples
to determine the critical temperature (T.) and critical current density (J.) of the samples in a SQUID-VSM
magnetometer from Quantum Design. To measure T, the samples were cooled down to ~ 10 K in zero-field and
then a perpendicular (to the sample surface, parallel to the c-axis direction) field of ~ 10 Oe was applied. The
magnetic moment of the sample was acquired while increasing the temperature from 10 to 100 K with a heating
ramp rate of 1 K/min. The T, values reported in this work correspond to the onset critical temperature, T ",
which is extracted from the m(T) curves as reported in reference?. J. was calculated from the field dependence of
the magnetic moment, m(B), which was measured between 0 and 7 T at 4.2 K and 77 K, using the Bean’s critical
state formula for a slab in perpendicular field*”*8. When we refer to self-field values, we mean the maximum J.
that usually is reached for B=0 T at 77 K and at low fields in the range of 0.1-0.2 T at 4 K due to the underlying
granular nature of the samples that were used*.

All samples prepared in this work passed through a complete deoxygenation/reoxygenation cycle. We started
with 12 pieces of as-received samples (size ~ 2.5 x 2.5 mm?) from which we removed the Ag coating by chemical
etching. Pristine samples (“pristine” refers to the sample after the Ag etching) are first deoxygenated at a certain
maximum deoxygenation temperature (Tj,), following the thermal treatment shown in Fig. 1a, and then reoxy-
genated at a certain reoxygenation temperature (T,.,), using the thermal treatment displayed in Fig. 1b. For a
given sample, the thermal treatments are chosen in such a way that Ty., = Treox. 1. and J. values measured on
each of the 12 pristine samples were used as references to evaluate the relative variations after the corresponding
deoxygenation and reoxygenation heat treatments. This allowed us to rule out spurious effects due to external
factors as possible damage due to the sample cutting.

The microstructural properties were studied by scanning transmission electron microscopy (STEM, JEOL
JEM-2000FS operated at 200 kV) with bright field (BF) detector. Cross-sectional STEM lamellas were prepared
by ion milling via a focused ion beam in-situ lift-out procedure.

I at 77 K in self-field was obtained by transport measurements carried out in a liquid nitrogen bath on 90 mm
long and 4 mm wide tape pieces. The Ag layer was not etched in this samples both for protection purposes and
to facilitate the fixation of the voltage taps. The original 12 mm wide tape was cut longitudinally in 4 mm wide
pieces to reduce I, and allow an easier measurement without overcoming the limit of our current source (250
A). We adopted the standard 1 pV/cm criterion to evaluate I, from the electric field vs. applied current curves.

Results
Deoxygenation process
Figure 2 shows the dependence of (a) T,, (b) self-field critical current density ( ]CSf) at4 K and (c) at 77 K on the
maximum temperature (Tj.,,) for different samples annealed during 30 min at different Tg.,.

T, remains almost unchanged (~ 88-89 K) up t0 Tyeo, ~ 200 °C. For Ty, =250 °C, T, starts to increase reaching
a maximum of ~92.5 K at Ty, ~350-400 °C. For T, >450 °C there is a sudden decrease of T. For Ty, =550 °C,
no superconducting transition is observed in the investigated range of temperatures (10-100 K). As a conven-
tion, we attributed to these samples a T. of 0 K. The observed evolution of T. indicates that the samples are
initially in an overdoped state. Indeed, the investigated CCs are intentionally overdoped by the manufacturer,
with the scope of enhancing J. at high fields in the 4-20 K range!. When an overdoped sample is heated, it loses
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Figure 2. (a) T, and self-field J, ( ]gf ) variation at (b) 4 K and at (¢) 77 K in dependence of the maximum
temperature of deoxygenation (Tj,) for samples deoxygenated during 30 min under pure Ar flow. The black
horizontal dashed lines indicate the values of the pristine samples. The lines are only a guide for the eyes.

oxygen and passes from the overdoped state to the optimally-doped one (in our particular case, this happens
after a plateau at~ 350 °C of 30 min) and then to the underdoped state at higher temperatures, following the
well-known “T parabola”.

The results presented in Fig. 2b show that for samples heated during 30 min, J at 4 K is continuously decreas-
ing even at very low temperatures when T, still remains unchanged. For example, at 150 °C the J*f value already
decreased by ~ 3% and at 200 °C by ~ 5%. Above 450 °C there is a sudden decay of the J3f. At 77 K the situation is
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very similar and, in fact, the shape of the curves is almost the same. The results clearly indicate that the samples
are not anymore superconducting when doing a deoxygenation process at around 500-550 °C.

Reoxygenation process
After the samples were deoxygenated following the thermal profile shown in Fig. 1a, the same samples were
reoxygenated using the thermal profile displayed in Fig. 1b. Figure 3 presents the dependence of (a) T, (b)
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Figure 3. (a) T, and self-field J, ( ]gf) variation at (b) 4 K and at (¢) 77 K in dependence of the reoxygenation

temperature (T, for samples reoxygenated during 30 min under pure O, flow. The black horizontal dashed
lines indicate the values of the pristine samples. The lines are only a guide for the eyes.

Scientific Reports|  (2023) 13:16917 | https://doi.org/10.1038/s41598-023-44086-7 nature portfolio



www.nature.com/scientificreports/

self-field critical current density ( ]gf) at 4 Kand (c) at 77 K on the reoxygenation temperature (T,,,) for samples
reoxygenated during 30 min.

We observe that below 300 °C, T, remains constant with no appreciable change. At these low temperatures,
the oxygen in-diffusion is so slow that we do not observe any remarkable changes in the oxygen content inside
the YBCO grains after 30 min of reoxygenation. Above 300 °C, the values of T, suffer a strong variation. The in-
diffusion is faster at these temperatures resulting in an increase of the oxygen content that, as expected, leads to
larger values of T.. The oxygen content and, therefore, T, is determined by the temperature and oxygen partial
pressure at which the oxygenation is done®. According to the phase diagram, the largest oxygen contents are
achieved at low temperatures®!, but one should consider that the lower is the temperature, the slower is the in-
diffusion. Therefore, at these low temperatures, it is necessary to find an equilibrium between the temperature
and the time needed to maximize the oxygen content and thus T.. The T, values arrive at a saturation at 450 °C
when T, enters in a plateau with values stable at ~91-92 K. It is noticeable that these values are not the same of
the pristine samples, meaning that the oxygen content is different after the reoxygenation process. This plateau
extends until 550 °C and then T, starts decreasing. At these temperatures, the oxygen content accepted in the
YBCO structure is lower so, it is expected that T, decreases®'. This reduction of T, is quite drastic from 550 °C to
650 °C. Then the values tend to stabilize again suggesting the formation of a second “pseudo-plateau” in which T
values are ~ 60 K. These values are in accordance with the data reported in reference?'. According to this publica-
tion, the origin of this second plateau is the particular oxygen ordering in the Cu-O chains at these temperatures.
In particular, the oxygen atoms are placed in the so-called Ortho-II structure where only half of the Cu-O chains
are filled with oxygen following a sequence full-empty-full-empty-etc. This ordering is different from the one
found in the first plateau that we observe at higher T, of ~92 K where the oxygen atoms are placed in the so-called
Ortho-I structure in which all the Cu-O chains are full of oxygen following the sequence full-full-full-etc*-*.

Similar to T, ]Sf remains zero up to 300 °C. From this value of T, on, ](ff starts increasing, reaches a maxi-
mum in the range 400-450 °C, and decreases above 450 °C. At 4 K the values do not reach zero at high T,.,,
although they fall below 25% of the values of the pristine samples. At 77 K, J5 drops to zero at 600 °C, as expected
considering the strong decrease of T.. In the range 400-450 °C, we notice significant J* improvements of ~ 45%
both at 4 K and 77 K with respect to the pristine values.

The observed improvement of the J_ values is not restricted to self-field, but also kept in field as we can observe
in Figs. 4 and 5. Figure 4a, b show the J.(B) curves at 4 K of the pristine and reoxygenated samples at 400 °C and
450 °C (largest J. increase). The curves were normalized to the J. of the pristine sample at zero field. The graphs
in Figs. 4c, d and 5a, b correspond to the ratio between the J. values of the reoxygenated samples and the pristine
ones at different fields.

At 4 K, we can observe in Fig. 4c, d that the maximum J. increment, that happens when the samples are
reoxygenated at 450 °C, is kept quite constant at~45% in-field at least till 6.5 T, which is the maximum field
of our magnetic measurements. Also, the increase of ~ 25% observed in the samples reoxygenated at 400 °C
is maintained in field. The J.(B) curves in Fig. 4a, b show a power law dependence (J.~B™). The value of the
exponent a is ~ 0.5 for the 4 curves.

At 77 K, we also observe a clear increase of J. that extends in-field at least up to 5 T (above this field the signal
is very noisy) for the samples reoxygenated at 400 and 450 °C. However, as it is observed in Fig. 5a, b and contrary
to the case of 4 K, at 77 K the increment of ], is not constant in-field. Figure 5b shows that for the reoxygenated
samples with the largest increase of ], i.e., the ones reoxygenated at 400 °C and 450 °C, the maximum enhance-
ment is found at~ 3.5 T. In particular ], values are up to~ 2.5 larger than the pristine ones in the case of the
sample reoxygenated at 450 °C.

In order to confirm the observed improvement of ], after reoxygenation in a more realistic case from the
applications point of view, we have carried out a reoxygenation experiment in a 90 x4 mm? sample and then
measured the self-field I, (I¥f) at 77 K by transport. Also, as this experiment is viewed as an independent proof
of the previously shown results, one particular set of conditions was selected: reoxygenation at 400 °C during
30 min (this sample was deoxygenated and reoxygenated following exactly the same process as for the small
samples). The electric field vs. transFort current (E-I) curves of the pristine sample and the one after reoxy-
genation are shown in Fig. 6. The I¢' values at 77 K were 139.8 A for the pristine sample and 169.0 A for the
reoxygenated one, which corresponds to an increase of ~ 21%. This increase is very similar to the one observed
in the small sample measured by SQUID which reaches ~ 25% of improvement. This result confirms the validity
of our experimental approach.

Microstructural characterization by TEM

With the idea of gathering some microstructural information that helps to explain the results shown in the pre-
vious sections, we have carried out a TEM study on selected samples. Figure 7 presents a bright-field scanning
transmission electron microscopy (BF-STEM) image of the YBCO matrix of a pristine sample. We can highlight
two main features in this image. First, we can observe Y,O; nanoparticles (NPs) embedded in the matrix (marked
with white arrows in Fig. 7) that are formed naturally (they are not artificial pinning centers), as the manufacturer
explained’, during the deposition and growth of the YBCO layer. Also, we can notice the presence of some rather
short (20-50 nm) stacking faults (SFs, orange symbols in Fig. 7).

Looking at the high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images shown in Fig. 8, we can compare the microstructure of a pristine sample (Fig. 8a) with a sample that
underwent first a deoxygenation at Ty, =700 °C and then a reoxygenation at T,,,, =600 °C during 300 min
(Fig. 8b). We cannot perceive any big differences between both images. In both samples, we notice the presence
of multiple black dots that are the Y,0; NPs, marked with white arrows, and their distribution and density are
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Figure 7. BF-STEM image of the matrix of YBCO film in a pristine sample. White arrows indicate Y,05
nanoparticles and orange symbols stacking faults.

not changing significantly after the reoxygenation. If this is the case of a sample reoxygenated at 600 °C during
300 min, one could expect that the same situation will be found at lower temperatures and shorter times.

Discussion
The above presented results show that there is a significant effect of the deoxygenation/reoxygenation processes
on the superconducting properties of a commercial coated conductor.

The deoxygenation experiments clearly reveal that the samples are not anymore superconducting when doing
a deoxygenation process around 500-550 °C. At this temperature the transition from orthorhombic to tetrago-
nal structure should occur. One interesting observation that deserves to be commented is the fact that while
T, remains constant, the J¥f starts decreasing at very low temperatures with drops of ~3% at 150 °C and ~ 5%
at 200 °C. This data conﬁrms what was already reported and explained in a previous work of our group®. In
summary, this reduction of J& at low deoxygenation temperatures is attributed to the oxygen out-diffusion from
the grain-boundaries, a process that has a lower activation energy than oxygen out-diffusion from the interior
of the grains. When the oxygen leaves the grain boundaries, they become gradually weak-links that hinder the
current flow. At higher temperatures, the activation energy of the oxygen out-diffusion from inside the grains is
reached and then a sudden and more severe decay of J5' is observed.
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Figure 8. Cross-sectional HAADF-STEM image of the YBCO layer of (a) a pristine sample and (b) a sample
reoxygenated at 600 °C during 300 min.

In the case of the reoxygenation process, more results are worth to be discussed. The main one is undoubtedly
the remarkable increase of ], not only at self-field, but also in-field, that the samples show after a reoxygenation
in the range of 400-450 °C both at 4 and 77 K. We also count with other two pieces of information. The first one
is that the CC used in this work is extremely overdoped, i.e., with § = 0 in YBa,Cu;0,_5. The particular CC that
we examined in this study was developed for applications in the field of nuclear fusion, where the properties at
low temperature and high field are the most demanded ones. One of the ways to achieve high performance at
the target operating conditions for HTS fusion magnets, i.e. T=20 K, B=20 T%, is to increase the charge carrier
(hole) density in the superconducting layer. It was shown in the literature that high hole doping levels lead to
smaller anisotropy and higher irreversibility field and this translates into a larger critical current at high fields®.
Furthermore, overdoping potentially improves grain connectivity, as grain boundaries tend to be underdoped
with respect to the grains and, therefore, are closer to an optimal oxygen content in overdoped samples. The other
important point is that, according to our TEM analysis, the amount, distribution or homogeneity of NPs or SFs
do not vary in major way when a deoxygenation/reoxygenation cycle is carried out. It was especially relevant to
find out no major differences in the SFs landscape because it is known that certain annealing processes under
pure oxygen flow induce the formation of SFs*. This means that, in principle, we can discard the action of NPs
or SFs as responsible for the increase of ], that we found.

At 4 K, we observe an increase of ], that could reach ~25% in samples reoxygenated at 400 °C and ~45% in
samples reoxygenated at 450 °C. This improvement is constant in-field at least till 6.5 T. When analyzing the
J(B) curves of the pristine samples and those of the reoxygenated ones at 400 °C and 450 °C, we found o expo-
nent values of ~ 0.5 for the four of them. This suggests that, even if there is an evident J. increase, the pinning
mechanism is not changing in the reoxygenated samples with respect to one of the pristine samples. The a ~ 0.5
has been reported at 4 K for samples differing in texture, thickness, and architecture®. This value is typically
associated with the interaction between vortices nucleated at the grain boundaries and those strongly pinned to
the dislocation cores®*=*°. Therefore, the observed increase of J. should come from a change in the distribution,
homogeneity or density of some type of defect compatible with this pinning mechanism. With the experimental
data that we have, we are not able to give more in-depth explanations on this matter. Achieving a more complete
understanding of the microstructural reasons responsible for the enhancement of J. will be the subject of a future
work. However, we can point out that twin boundaries are a type of defect that can potentially fit in this picture
for the vortex pinning. The twin domain structure is potentially transformable by modifying the reoxygenation
process. This means that the oxygenation process of the pristine samples can create a certain twin boundaries
scenario that is likely different from the one that is formed after our deoxygenation/reoxygenation cycle. We
have to consider that the oxygenation on the pristine samples is done on initially non-oxygenated samples. The
successive phase transformations that the oxygen in- and out-diffusion produces may lead to a totally different
twin domain structure in our reoxygenated samples. One plausible option is that, in this new twin-boundary
landscape, the twin boundaries end up losing their initial vertical coherence. This would change their behavior
from channeling planes, when they are vertically coherent, to pinning centers, specially at low temperatures,
that impede vortex channeling®'.

Regarding our study performed at 77 K, we observed again a significant enhancement of J_ in the samples
reoxygenated at 400 °C and 450 °C and also a slight increase in the sample reoxygenated at 500 °C, especially in-
field. However, in this case, as shown in Fig. 5a, b, the increase for each sample is not constant in the investigated
range of fields, as in the case of 4 K, but changes reaching a maximum at ~ 3.5 T. This difference in the ] should
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be related with the fact that both the vortex-defect and the vortex-vortex interactions are expected to evolve upon
varying the temperature®®*2. Furthermore, the rise of T, that we observed in the samples reoxygenated between
400 °C and 500 °C should play a role on the measured ], too. As we mentioned above, the CC investigated in
this work is extremely overdoped, with a T, in the range 88-89 K. After our reoxygenation process, we end up
with samples that present T values of ~91-92 K, very close to what is expected for optimally doped YBCO. An
increase of T. by 3-4 K can have a significant impact on the values of J. measured at 77 K. Indeed, it is known
that a higher T, causes an increase of the irreversibility field that entails a displacement of the irreversibility line.
Therefore, there is a notable shorter distance between 77 K and T. for the pristine samples than in the case of
reoxygenated ones. Furthermore, we cannot exclude that the changes in the microstructure that we commented
before and that have a significant impact at 4 K play a role at 77 K, too. However, on this matter one should specify
that defects that are effective at 4 K are normally less effective at 77 K, and vice versa.

Based on this analysis, we can, first, rule out that the J. improvement is caused by an ameliorated grain connec-
tivity with respect to the pristine sample because pristine samples are overdoped and, thus, their grain boundaries
should be more transparent. Discarding this option, we infer that the variations in the superconducting proper-
ties that we observed in the reoxygenated samples should come from a combination of the modifications in the
doping level and in the microstructure (defects) that result from the deoxygenation/reoxygenation cycle. We
emphasize that NPs or SFs should not be the main source of pinning, since the TEM images showed no major
differences between the pristine and the reoxygenated sample. Furthermore, SFs are expected to be more effec-
tive as pinning centers when the magnetic field is applied perpendicular to the c-axis, which is not the geometry
realized in our experiment. Other type of defects, e.g. twin boundaries, are more likely to be responsible of the
observed variation of J.. To clarify this hypothesis, a much deeper and detailed TEM study would be needed.
This is something that we are planning in the near future, too. Furthermore, it would be very interesting to repeat
this type of experiments in commercial tapes with a different initial doping level, but not overdoped, in order to
compare the recovery rate with the case of the overdoped CC.

Another interesting point to clarify is the fact that J_ increases with respect to the pristine one in samples
reoxygenated at ~400-450 °C and decays quite fast after 450 °C while the T, remains at~91-92 K in the range
400-550 °C. One possible interpretation of this behavior could be related with the well-known “T parabola™®.
As it was mentioned before, according to the phase diagram, the lower is the oxygenation temperature, the
larger is the achievable oxygen content. This means that, in principle, in order to obtain the maximum oxygen
content, we should carry out oxygenation processes at low temperatures. However, at low temperatures, mainly
below 300 °C, the diffusion process is extremely slow and it is very likely that 30 min is not enough to achieve
a significant oxygen content in the REBCO structure. In our case, it seems that a reoxygenation at 400 °C is the
point when the diffusion rate is large enough to obtain a significant oxygen content after 30 min. Nevertheless, if
we continue increasing the reoxygenation temperature, according to the phase diagram, the oxygen content that
is possible to achieve decreases. Therefore, the samples that are oxygenated at 500 °C have, in equilibrium, less
oxygen than those at 400 or 450 °C. This lower oxygen content, combined with the changes in the microstructure
that we commented before, should be the reason for the J. decrease after 450 °C. The fact that these samples have
similar T, is a consequence of the “T, parabola”. Samples with different oxygen content can be in opposite sides
of the parabola, and thus have the same T.. In our case, it seems that the samples reoxygenated at 400 and 450 °C
are very close to the optimally doped state but still in the overdoped side while the one reoxygenated at 500 °C
is closer to the top of the parabola (optimally doped) and the one reoxygenated at 550 °C is in the underdoped
side. In any case, changes of around 1 K in T are pretty small and, as we mentioned before, all these samples are
very near to the optimally doped value.

It is important to note that these experiments can not be performed in Cu stabilized CCs. The outer Cu layer
oxidizes during the heat treatment performed in O, atmosphere and, more specifically, gets severely damaged
at relatively low temperatures, around 500-600 °C. In other terms, the Cu stabilizer acts as a barrier against the
in-diffusion of oxygen into the REBCO layer.

Conclusions

In this work we carried out a comprehensive and systematic study of the deoxygenation and reoxygenation
processes in a commercial coated conductor. In the past, this topic was well-studied in superconducting films
deposited on single crystal substrates but not on commercial tapes. We found out that a complete suppression of
superconductivity occurs when deoxygenating the samples under pure argon at ~500-550 °C for 30 min. Samples
completely deoxygenated recover and even exceed their pristine T, and J, values when doing a reoxygenation
under pure oxygen flow at temperatures in the range 400-500 °C during only 30 min. The increase of ], observed
not only at self-field but also in-field and at both 4 and 77 K, is remarkably large, reaching a maximum when
doing the reoxygenation at 450 °C. This improvement of J. was confirmed by electrical transport experiments
measuring the self-field I at 77 K of longer samples treated in the exact same way as the small ones. TEM analyses
did not give evidence of clear variations in the presence of nanoparticles or stacking faults between the pristine
and reoxygenated samples. Therefore, these types of defects should not be responsible of the observed enhance-
ment of J.. Our hypothesis is that some of the reoxygenated samples present larger ], values due to the combined
action of a change in the microstructure and a different oxygen doping after the reoxygenation process. We sug-
gest that a potential change in the twin domain structure may be the microstructural difference between pristine
and reoxygenated samples, but this hypothesis should be supported by further and dedicated investigations that
we are planning for a future work. The simple reoxygenation process employed in this work, that lead to a notable
improvement of the ], introduces a new set of parameters that can be used by manufacturers to optimize the
performances of the CCs, specifically by selecting the appropriate pO,-temperature-time path for maximizing J.

Scientific Reports |

(2023) 13:16917 | https://doi.org/10.1038/s41598-023-44086-7 nature portfolio



www.nature.com/scientificreports/

Data availability
All relevant data are included in the paper. Raw data are available from the corresponding authors upon request.

Received: 7 June 2023; Accepted: 3 October 2023
Published online: 07 October 2023

References

1.

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.
20.
21.

22.

23.
24.
25.
26.
27.
28.
29.

30.
31.

32.
33.
34,
. Bruzzone, P. et al. High temperature superconductors for fusion magnets. Nuclear Fusion 58, 103001 (2018).
36.
37.
38.

39.
40.

Molodyk, A. et al. Development and large volume production of extremely high current density YBa,Cu;O; superconducting wires
for fusion. Sci. Rep. 11, 2084 (2021).

. Obradors, X. & Puig, T. Coated conductors for power applications: materials challenges. Supercond. Sci. Technol. 27, 044003 (2014).
. Arendt, P. N. & Foltyn, S. R. Biaxially textured IBAD-MgO templates for YBCO-coated conductors. MRS Bull. 29, 543-550 (2004).
. Goyal, A., Paranthaman, M. P. & Schoop, U. The RABiTS approach: using rolling-assisted biaxially textured substrates for high-

performance YBCO superconductors. MRS Bull. 29, 552-561 (2004).

. Tijima, Y., Tanabe, N., Ikeno, Y. & Kohno, O. Biaxially aligned YBa,Cu;0;._, thin film tapes. Phys. C Supercond. 185-189, 1959-1960

(1991).

. lijima, Y., Tanabe, N., Kohno, O. & Ikeno, Y. In-plane aligned YBa,Cu;0,_, thin films deposited on polycrystalline metallic sub-

strates. Appl. Phys. Lett. 60, 769-771 (1992).

. Tsukui, S. et al. Oxygen and cation diffusion in YBCO coated conductors. Phys. C Supercond. Appl. 392-396, 841-846 (2003).
. Mogilevsky, R. et al. Direct measurements of room-temperature oxygen diffusion in YBa,Cu;0,. Phys. Rev. B 49, 6420-6423 (1994).
. Vazquez-Navarro, M. D., Kur$umovic, A. & Evetts, J. E. Study and modelling of oxygen diffusion in YBa,Cu;0;_s under isothermal

conditions. Supercond. Sci. Technol. 12, 1117-1122 (1999).

Rothman, S. J., Routbort, J. L., Welp, U. & Baker, . E. Anisotropy of oxygen tracer diffusion in single-crystal YBa,Cu;O;-4e1o- Phys.
Rev. B 44, 2326-2333 (1991).

Tang, T. B. & Lo, W. Oxygen diffusion in YBCO: an isothermal thermogravimetric study. Phys. C Supercond. Appl. 174, 463-466
(1991).

Michaelis, A., Irene, E. A., Auciello, O. & Krauss, A. R. A study of oxygen diffusion in and out of YBa,Cu;0, s thin films. J. Appl.
Phys. 83, 7736-7743 (1998).

Sageev Grader, G., Gallagher, P. K., Thomson, J. & Gurvitch, M. Rates of change in high temperature electrical resistivity and
oxygen diffusion coeflicient in Ba,YCu;0,. Appl. Phys. A Solids Surf. 45, 179-183 (1988).

Lee, S. H., Bae, S. C., Ku, J. K. & Shin, H. J. Oxygen diffusion in epitaxial YBa,Cu;0;_, thin films. Phys. Rev. B 46, 9142-9146 (1992).
Kittelberger, S., Bolz, U., Huebener, R. P., Holzapfel, B. & Mex, L. Oxygen diffusion in YBa,Cu;0,_; films with different micro-
structures. Phys C Supercond. 302, 93-101 (1998).

Krauns, C. & Krebs, H. U. Comparison of the oxygen diffusion in Y,Ba,Cu;Oy bulk materials and thin films. Z. Phys. B Condens.
Matter 92, 43-46 (1993).

Ling, C., Chen, C. L. & Jacobson, A.]. Electrical conductivity relaxation studies of oxygen transport in epitaxial YBa,Cu;0,., thin
films. IEEE Trans. Appl. Supercond. 13, 2882-2885 (2003).

Qu, T. et al. Study on the oxygenation process during the heat treatment of TFA-MOD YBCO thin films by in situ resistance
measurement. Phys. C Supercond. 494, 148-152 (2013).

Cayado, P. et al. Untangling surface oxygen exchange effects in YBa,Cu;O,, thin films by electrical conductivity relaxation. Phys.
Chem. Chem. Phys. 19, 14129-14140 (2017).

Kittelberger, S., Stoll, O. M. & Huebener, R. P. Oxygen diffusion in thin films studied from isothermal electric resistivity measure-
ments. Supercond. Sci. Technol. 11, 744-750 (1998).

Cayado, P. et al. Determination of the oxygen chain ordering in REBa,Cu;0,_; by electrical conductivity relaxation measurements.
ACS Appl. Electron. Mater. 3, 5374-5382 (2021).

Bonura, M., Cayado, P, Konstantopoulou, K., Alessandrini, M. & Senatore, C. Heating-induced performance degradation of
REBa,Cu;0;._, coated conductors: an oxygen out-diffusion scenario with two activation energies. ACS Appl. Electron. Mater. 4,
1318-1326 (2022).

Yazaki, S., Karasawa, A., Kotoyori, T, Ishiyama, A. & Miyahara, N. Critical current degradation in high-temperature superconduct-
ing tapes caused by temperature rise. IEEE Trans. Appl. Supercond. 23, 4602304-4602304 (2013).

Lu, ], Xin, Y., Jarvis, B. & Bai, H. Oxygen out-diffusion in REBCO coated conductor due to heating. Supercond. Sci. Technol. 34,
75004-75014 (2021).

Preuss, A., Fietz, W. H., Immel, E, Kauffmann-Weiss, S. & Wolf, M. J. Critical current degradation of coated conductors under
soldering conditions. IEEE Trans. Appl. Supercond. 28, 6601105 (2018).

Kim, H. S, Song, J. B., Kwon, N. Y,, Kim, K. L. & Lee, H. G. The influence of heat-treatment and oxygenation annealing on the
superconducting properties of YBCO coated conductors. Supercond. Sci. Technol. 22, 6 (2009).

Zehetmayer, M. Simulation of the current dynamics in superconductors: Application to magnetometry measurements. Phys. Rev.
B Condens. Matter Mater. Phys. 80, 104512 (2009).

Seiler, E., Gomory, E, Misik, J. & Richter, D. Critical current density of coated conductors determined from rescaled magnetic
moment at temperatures close to 77 K. Phys. C Supercond. Appl. 551, 66-71 (2018).

Tallon, J. L., Bernhard, C., Shaked, H., Hitterman, R. L. & Jorgensen, J. D. Generic superconducting phase behavior in high-T,
cuprates: T, variation with hole concentration in YBa,Cu;0;_s. Phys. Rev. B 51, 12911-12914 (1995).

Shiohara, Y. & Endo, A. Crystal growth of bulk high-T, superconducting oxide materials. Mater. Sci. Eng. R Rep. 19, 1-86 (1997).
Shimoyama, J., Horii, S., Otzschi, K. & Kishio, K. How to optimize critical current performance of RE123 materials by controlling
oxygen content. MRS Proc. 689(E8), 18 (2001).

Cava, R.J. et al. Structural anomalies, oxygen ordering and superconductivity in oxygen deficient Ba,YCu;0,. Phys. C Supercond.
165, 419-433 (1990).

Cannelli, G. et al. Reordering stages of oxygen around 500 K in ReBa,Cu;Og,, by anelastic relaxation measurements. Solid State
Commun. 80,715-718 (1991).

Krekels, T. et al. Ortho II structure in ABa,Cu;0;_s compounds (A=Er, Nd, Pr, Sm, Yb). Phys. C Supercond. 196, 363-368 (1992).

Yasukawa, Y., Nakane, T., Yamauchi, H. & Karppinen, M. Consequence of isovalent rare earth substitution to magnetic irrevers-
ibility in cation-stoichiometric CuBa,RECu,0¢¢;+0.01. Appl. Phys. Lett. 78,2917-2919 (2001).

Chen, J. et al. Significant improvement of the critical current of MOD-derived YBa,Cu;0; s-coated conductors by post-annealing
treatment. Appl. Phys. Express 14, 055506 (2021).

Palau, A., Puig, T, Gutierrez, J., Obradors, X. & de la Cruz, F. Pinning regimes of grain boundary vortices in YBa,Cu;0,_, coated
conductors. Phys. Rev. B 73, 132508 (2006).

Dam, B. et al. Origin of high critical currents in YBa,Cu;0,_s superconducting thin films. Nature 399, 439-442 (1999).
Senatore, C., Barth, C., Bonura, M., Kulich, M. & Mondonico, G. Field and temperature scaling of the critical current density in
commercial REBCO coated conductors. Supercond. Sci. Technol. 29, 014002 (2016).

Scientific Reports |

(2023) 13:16917 | https://doi.org/10.1038/s41598-023-44086-7 nature portfolio



www.nature.com/scientificreports/

41. Rouco, V. et al. Role of twin boundaries on vortex pinning of CSD YBCO nanocomposites. Supercond. Sci. Technol. 27, 125009
(2014).

42. Blatter, G., Feigel’Man, M. V., Geshkenbein, V. B., Larkin, A. I. & Vinokur, V. M. Vortices in high-temperature superconductors.
Rev. Mod. Phys. 66, 1125-1388 (1994).

Acknowledgements
The authors thank Dr. Mark Rikel for the useful discussions on the analysis of the data and Mr. D. Zurmuehle
for his technical support.

Author contributions

P.C. planned the experiments, carried out the data analysis and wrote the manuscript. M.B., C.L,, E.S., T.B.,, K.K.
and M.A. contributed to the execution of the experiments and to the treatment and interpretation of the data.
H. R. carried out the TEM analysis. C.S. directed the research and contributed to manuscript preparation. All
authors discussed the results and corrected the manuscript.

Funding
Financial support was provided by the Swiss Innovation Agency (Innosuisse), Grant No. 41377.1 IP-ENG.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16917 | https://doi.org/10.1038/s41598-023-44086-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impact of deoxygenationreoxygenation processes on the superconducting properties of commercial coated conductors
	Methods
	Preparation of the samples
	Thermal processes
	Characterization of the samples

	Results
	Deoxygenation process
	Reoxygenation process
	Microstructural characterization by TEM

	Discussion
	Conclusions
	References
	Acknowledgements


