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Abstract: ErBa2Cu3O7−δ (Er123) superconductor is one of the best candidates of superconductor
solder for the fabrication of superconducting joint between GdBa2Cu3O7−δ (Gd123) coated conductor,
due to its high Tc value (93 K) and highest optimized oxygen annealing temperature among RE123
compounds. In this paper, we systematically research the effect of sintering parameters on the
phase formation, microstructure and superconducting properties of Er123 powder. The optimized
synthesis route to acquire high purity Er123 powder with as good superconducting properties as
Gd123 has been uncovered. The melt temperature of Er123 with different dopant compared to
Gd123 is also investigated, and the feasible operating temperature range of Er123 superconductor
solder is discussed. This work reveals a very important starting point on fabrication high-quality
superconducting joint between the commercial Gd123 coated conductor, which can further improve
the development of the persistent operating mode on ultra-high field nuclear magnetic resonance
and magnetic resonance imaging.
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1. Introduction

REBa2Cu3O7−δ (REBCO) has been considered to be one of the promising superconductors for
the insert coil of ultra-high field nuclear magnetic resonance and magnetic resonance imaging [1–5].
The RIKEN has successfully fabricated an NMR by REBCO operated in the driven mode and
demonstrated high-resolution NMR spectra [6]. In the real application, the persistent mode is preferred
to reduce the heat leak and get a more stable magnetic field. One of the key points of persistence mode
is a superconducting joint between REBCO coated conductor with resistance less than 10−12 Ω [7].
However, most joints now are on the level 10−8 to 10−9 Ω [8–10], which indicates that a feasible
superconducting joint fabrication process is still required.

The first persistent current joint between REBCO was invented by Park et al. in 2014 [11].
The GdBa2Cu3O7−δ (Gd123) coated conductor was directly connected by long time heat treatment to
diffuse the Gd123 to each other. After over 350 h oxygen annealing, the final joint had a critical current
of 84 A and a resistance less than 10−17 Ω. Although the properties fit the application criterion of the
persistent mode, the too long annealing time is not feasible in the real application. In 2015, the Jin et al.
in RIKEN established a novel method called crystalline joint by a melted bulk (CJMB). Two untouched
Gd123 coated conductors were put on a RE123 bulk with low melt temperatures such as YBa2Cu3O7−δ

(Y123) and YbBa2Cu3O7-δ (Yb123) [12,13]. After ingeniously designed the heat treatment, the Y123
melt and regrowth to form a superconductor joint between Gd123 coated conductors. The annealing
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time was successfully reduced to only 72 h with a final resistance of 8 × 10−13 Ω. The core idea of this
method is using low melt temperature REBCO materials as the superconducting solder.

Using low melt temperature REBCO as a superconducting solder has also been used in joining
Y123 single domain bulks [14–18]. In all these researches, appropriate oxygen annealing is essential
to achieve high supercurrent capability [19]. In particular, ErBa2Cu3O7−δ (Er123) has the highest
optimized annealing temperature among RE123 compounds, which is strongly suggesting a drastic
decrease in annealing time for the accomplishment of an optimally carrier-doped condition in Er123
compounds due to the large diffusion coefficient of oxygen [20]. There are only a few reports
mentioned on Er123 powder [21–26], and none of them has systematic research on the synthesis of
such compounds. The reported synthesis temperature even has some tens of degrees difference, which
brings big confusion to other researchers.

In this paper, we systematically investigate the effect of synthesis parameters on the phase
formation, microstructure and superconducting properties. High purity Er123 powder with high
supercurrent capability is acquired. The melt temperature of Er123 and Gd123 with different dopants
are also researched.

2. Materials and Methods

Powder Preparation. The Er123 powders were synthesized by the solid reaction method. The Er2O3

(99.9% Aladdin), BaCO3 (99.9% Aladdin) and CuO powder (99.99% Aladdin) powder were mixed in
stoichiometric ratio to form Er123. The powders were mixed, ground together, and pressed into a pellet
that was put into a tube furnace and heat-treated at different temperatures for 24 h under flowing O2.
For the multiple sintering sample, the product powders were ground, pressed and heat-treated again
under the same process. The Er211 powders were synthesized by a similar process with the sintering
parameters of 1000 ◦C for 24 h under the flow Ar. The oxygen annealing process used the Er123 sample
with the highest purity. The as-synthesized powders were ground and pressed to pellet. The pellet was
put into a tube furnace and heat-treated at 500 ◦C for 24 h or 48 h under flowing O2 with a large flow
rate. The commercial Gd123 powder is coming from Shanghai Superconductor Technology Co., Ltd.

Sample Characterization. The phase analysis of the samples was characterized by Cu Kα x-ray
diffraction (XRD, Burker D8), and the grain sizes were calculated by using the Debye–Scherrer formula.
Microstructures were observed by scanning electron microscopy (SEM, FEI Quanta 450) with Energy
Dispersive X-Ray Spectroscopy (EDX). The melt temperature was measured by differential thermal
analysis (DTA-TGA, TA Instruments 2960) at a heating rate of 10 ◦C/min in the Air. Magnetic
measurements were performed at 5K and 77 K in a vibrating sample magnetometer (VSM) using
a Physical Properties Measurement System (PPMS) from Quantum Design Ltd. under an applied field
up to 7 T. Field-cooled (FC) and the zero-field-cooled (ZFC) curve was measured in an applied field of
10 mT. Magnetization values were determined from the measured magnetic moment using the sample
mass and nominal density ρ = (Gd123: 6.384 g/cm3, Er123: 7.152 g/cm3) to calculate the actual volume of
material present. The critical current densities, Jc (in Am−2), of the samples were calculated by applying
a standard Bean model expression for spherical grains to magnetic hysteresis loops through the formula:

∆M =
1
3

w
2

Jc

(
1−

w
3l

)
where ∆M (in Am−1) is the vertical width of the magnetization loop and l ≥ w >> t (in m) are the
dimensions of individual plate-like crystallites in the samples. This formula was derived in Reference [27]
for a collection of randomly-oriented thin platelets of an anisotropic superconductor such as REBCO,
and yields an estimate of the ab-plane Jc for fields applied parallel to c typically accessed in transport
measurements while incorporating considerations relating to the anisotropy of the superconductor,
the geometry of the crystallites, their respective orientations to the applied field and demagnetization
effects. In the case of the commercial Gd123 powder, the standard Bean model expression for spherical
grains ∆M = d/3 Jc has been used, where d is the grain diameter (taken as 5 µm).
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3. Results

Figure 1a shows the XRD results of the sample sintered at different temperatures for 24 h. All the
samples consist of Er123 as a domain phase with impurities of Er2BaCuO5 (Er211) and BaCuO2. It shows
that the sintering temperature has an apparent effect on the phase formation. As shown in Figure 1b,
along with the temperature raising to 920 ◦C, the peak intensity of Er123 kept increasing, at the same
time the Er211 peak became weaker. When the temperature reaches 930 ◦C, such a trend reversed.
The grain size calculated from XRD results shows the same evolution trend with the Er123 peak intensity.
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Figure 1. (a) phase formation of Er123 sintered by different temperature for 24 h; (b) Peak intensity and
grain size from the XRD results of Er123 sintered by different temperature for 24 h; (c) phase formation
of Er123 sintered at 920 ◦C for 24 h by multiple times; (d) Peak intensity and grain size from the XRD
results of Er123 sintered at 920 ◦C for 24 by multiple times; (e) phase formation of Er123 with oxygen
annealing at 500 ◦C for 24~48 h; (f) Peak intensity and grain size from the XRD results of Er123 with
oxygen annealing at 500 ◦C for 24~48 h.

Multiple heat treatment is the conventional method to improve the reaction in the solid reaction
method. The multiple heat treatment under 920 ◦C has been attempted, as shown in Figure 1c,d.
The impurity phase such as Er211 and BaCuO2 nearly disappeared after 4 times sintering. Additionally,
the grain size does not have significant changing along with the multiple heat treatment.

The purpose of oxygen annealing on the REBCO powder is to compensate for the oxygen deficiency
brought by the high temperature heat treatment, the annealing at 500 ◦C for 24 and 48 h was also
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tried. As shown in Figure 1e,f, the change of phase formation and grain size before and after oxygen
annealing is negligible, which both have high purity Er123 as the dominant phase.

Figure 2 shows the SEM images of the sample sintered at different temperatures for 24 h. When
the temperature was 890 ◦C, there are plenty of small round particles embedded inside big Er123
particles, as pointed by the red arrow. The EDX results showed that these small particles are the
Er211 phase. As the temperature rose, these small round particles gradually disappeared. When the
temperature reaches the range of 910~920 ◦C, only the morphology of big plate-like particles can be
found. However, the big plate-like particles started to disassemble at a temperature of 930 ◦C. This is
due to the reaction between the Er123 and CuO to form Er211 and liquid phase [28]. Combined with
the XRD results, we think it is due to the decomposition of Er123 to Er211 at the excessive temperature.
However, we did not find the small round Er211 particles as in the sample of 890 ◦C. We randomly
chose 50 particles and measured the particle size of the plate-like Er123. The average particles size of
the Er123 in the sample of 900~920 ◦C are 5 µm × 5 µm × 1 µm. The particle size has a small change in
the sample of 890 ◦C and 930 ◦C, due to the existence of Er211 impurities. However, the same value
will be used in the calculation of the Bean model.Crystals 2019, 9, x FOR PEER  5 of 10 
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Figure 2. The SEM images of Er123 powder after different sintering. (a): 890 ◦C for 24 h; (b): 900 ◦C
for 24 h; (c): 910 ◦C for 24 h; (d): 920 ◦C for 24 h; (e): 920 ◦C for 24 h (three times); (f): 920 ◦C for 24 h
(four times); (g): 930 ◦C for 24 h.

We did multiple heat treatment on the sample of 920 ◦C. Although the phase purity was further
improved, there was no apparent change in the microstructure, as shown in Figure 2e,f. The grain size
also did not change after multiple heat treatment. The microstructure and particle size of the sample
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with four times sintering at 920 ◦C for 24 h and oxygen annealing at 500 ◦C for 48 h are nearly the same
as the sample with only one-time sintering at 920 ◦C for 24 h. It indicates that the Er123 particle with a
size around 5µm is very stable, which is hard to connect together under more heat treatment.

Figure 3 shows the superconducting properties of the sample sintered with different parameters.
As shown in Figure 3a, under different sintering temperatures, the Tc onset value is nearly the
same—around 91 K—but there is an apparent difference in the magnetization value. In both the ZFC
and FC curves, the magnetization value kept increasing and reached the maximum at 920 ◦C. The ZFC
value shows how many superconductor phases in the sample. That is the reason the magnetization
value in the ZFC curve has exactly the same trend as the peak intensity of Er123. The FC magnetization
value is associated with the Meissner fraction, and is much lower in magnitude for both samples,
indicating flux trapping within the grains. The increasing FC magnetization value indicates the poor
pinning in all the samples. All the Jc curves of the sample with different sintering temperatures are
parallel to each other at 5 K up to 7 T, as shown in Figure 3b. The sample of 920 ◦C has the highest
Jc value, which is due to the highest Er123 phase amount. The 211 phase is the most conventional
pinning center in the REBCO bulks. However, although there is a visible Er211 phase in both the
sample of 890 ◦C and 930 ◦C, we did not find any better field performance in these two samples.
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Figure 3. (a) ZFC and FC curves of the Er123 sintered by different temperature for 24 h; (b) Jc vs B
curve at 5 K of the Er123 sintered by different temperature for 24 h; (c) ZFC and FC curves of the Er123
sintered at 920 ◦C for 24 h by multiple times; (d) Jc vs B curve at 5 K of the Er123 sintered at 920 ◦C
for 24 h by multiple times; (e) ZFC and FC curves of the Er123 with oxygen annealing at 500 ◦C for
24~48 h; (f) Jc vs B curve at 5 K of the Er123 with oxygen annealing at 500 ◦C for 24~48 h.
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As shown above, the multiple heat treatment at 920 ◦C can further improve the phase purity.
The enhancement of ZFC magnetization value and Jc value also proved such results, as shown in
Figure 3c,d. Moreover, the Jc value at 5K is higher than the commercial Gd123 powder at the entire
0~7 T. Since the Gd123 powder is the exact one that Shanghai Superconductor Technology Co., Ltd.
used to fabricate Gd123 coated conductor, this result indicates that the Er123 has similar intra-grain
supercurrent with Gd123 which is used to fabricate commercial coated conductor. If the excellent
texture of Er123 can be obtained between Gd123 commercial coated conductor by exquisitely designing
the heat treatment process, we also expect the same level inter grain supercurrent of Er123 to Gd123,
which finally provides a possibility to fabricate superconducting joint with high current capability by
using Er123 as superconducting solder.

Although the phase formation and microstructure did not change after oxygen annealing,
the superconducting properties showed some difference, as shown in Figure 3e,f. After annealing
at 500 ◦C under O2, the ZFC magnetization values did not have further improvement, indicated
that although sintering at 920 ◦C could cause oxygen deficiency, the cooling underflow oxygen can
basically compensate the deficiency. However, the FC magnetization values slightly decreased with
the prolonging of the annealing time at 500 ◦C. The Jc curves also tell a new story: the high filed
performance was mildly improved in the sample with oxygen annealing. Both results show that
oxygen annealing improves the pinning in the Er123 powder.

4. Discussion

From the results above, it can be found that there is a reversible reaction between Er123 and Er211
phases. At lower temperatures, the Er211 can react with BaCuO2 form Er123, moreover, the Er123
can also decompose to Er211. This is the reason the Er123 intensity has a convex shape with the
increasing temperature, and the optimized temperature windows on the Er123 formation is pretty
narrow. These Er211 seems to agglomerate to particles of few micrometers and embedded into the large
Er123 particles. According to the superconducting properties, especially the high field performance of
Jc value, such embedded Er211 particles could not act as the pinning center but only degrade the Tc

value. After multiple heat treatments, the impurity phase such as Er211 can be eliminated; however,
the poor pinning problem emerges. Therefore, the controllable Er211 particles which can act as pinning
centering are essential to the Er123 as the superconducting solder. We successfully synthesized the
high purity Er211 phase with a particle size of around 10 micrometers, as shown in Supplementary
Materials Figure S1. However, simply mixing such Er211 will not bring the pinning center, and further
refining work is necessary.

During recent decades, research on the melt texture synthesis of REBCO single domain bulk,
multiple additives has proved that it is a benefit to the superconducting properties of the final products.
Typically, the Ag or Ag2O is added to improve the connectivity and decrease the melt temperature of
REBCO [29–32], which brings lower heat treatment temperature. Pt is also a common additive, which
can inhibit the growth of the 211 phase [33,34]. The large 211 particles can lead to an inhomogeneous
reaction. All these beneficial dopants will be introduced in the fabrication of a superconducting joint
by using Er123 as a superconducting solder. Therefore, the effect of such additives on the Er123 melt
temperature is critical, which directly determines the heat treatment process of fabrication of the
superconducting joint.

After obtaining Er123 powder with high purity and high supercurrent capability, the feasibility
of Er123 as a superconducting solder is discussed here. Since the REBCO need the biaxial texture
to carry high supercurrent, the only method of fabricating a superconducting joint between REBCO
coated conductor is using REBCO materials to form a texture joint. In the most conventional method,
the REBCO powder of low melt temperature is added as a superconducting solder between the REBCO
coated conductor. During the heat treatment, the solder REBCO melts but the REBCO coated conductor
keeps inert. After cooling at a slow rate, the solder REBCO grows to texture form based on the REBCO
coated conductor. Therefore, the low melting temperature of superconducting solder is critical.
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Figure 4 shows the DTA results of the Er123 powder and Gd123 powder with a different dopant
in Air. It is found that the melt temperature of Er 123 decreased about 30 ◦C by adding Ag and Ag2O,
but no such effect is found in the curve of Pt adding. The melt temperature decreasing by adding Ag
and Ag2O is very useful, which may bring more safety margins when designing the heat treatment
process of the superconducting joint.Crystals 2019, 9, x FOR PEER  8 of 10 
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However, according to our previous study, the Ag can decrease the melt temperature of REBCO
by just contacting instead of homogenous mixing [35]. In the report, we found that the Ag can decrease
the melt temperature of Yb123 to the same level as the Yb123 powder mixed with Ag. So if the
Ag is added to Er123 during the fabrication of the superconducting joint between the G123 coated
conductor, the effect of Ag on the melt temperature of Gd123 should be considered. Figure 4b shows
the DTA results of the Er123 and Gd123 powder with and without Ag adding. It is found that the melt
temperatures of both theGd123 and Er123 were decreased by the same level (about 29 ◦C) with Ag
adding. So the heat treatment temperature range moved from 994~1042 ◦C to 965~1013 ◦C without
any expansion. For safety reasons, the maximum heat treatment temperature should set below 1013 ◦C
instead of 1042 ◦C, in case of the melting of Gd123 under the effect of Ag.

5. Conclusions

The synthesis parameters of Er123 powder were systematically optimized. The optimization
temperature was 920 ◦C; both higher or lower temperatures brought small Er211 particles embedded
in Er123 plate-like particles. The Er211 phase is a kind of barrier of the flow superconducting current
but cannot act as a pinning center. After multiple sintering processes, high purity Er123 powder with
as good superconducting properties as Gd123 coated conductor was acquired. The extra oxygen
annealing at 500 ◦C is not necessary for this synthesis method. The melt temperature of Er123 and
Gd123 with different dopants were also investigated. After adding Ag or Ag2O, a feasible operating
temperature range (965~1013 ◦C) is uncovered, at which the superconducting solder Er123 can melt
but the Gd123 in coated conductor remains inert. This shows the important first step to obtain a
superconducting joint with high current capability.
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