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Four GdBa2Cu3O7−δ (GdBCO or Gd123) superconductor bulks doped with different amounts of
Gd3ZrO7 particles have been successfully prepared by the modified top-seeded melt-texture growth.
Superconducting properties and microstructures of these bulks have been investigated in detail. All
GdBCO bulks exhibit superior superconductivity with the onset critical temperature (Tc,onset) above
94 K, and the highest critical current density (Jc) of 49.1 kA/cm2 was obtained in the GdBCO bulk
doped with 0.8 mol.% Gd3ZrO7 particles at 77 K in self-field. During the top-seeded melt-texture
growth process, the Gd3ZrO7 additions can react with the GdBCO phase, forming the BaZrO3 parti-
cles and intensifying the Gd/Ba substitution, which can improve the flux pinning performance of the
GdBCO bulk. As a result, Jc was enhanced and the trapped flux density significantly increased with the
increase of Gd3ZrO7 additions. The maximum trapped flux density of 0.56 T obtained in the GdBCO
bulk with 0.8 mol.% Gd3ZrO7 additions is more than three times as high as that of the undoped bulk.
The squared stripes around the seed crystal were found in the doped bulks, and were identified as
the macroscopic appearance of inhomogeneous microstructure in which the Gd2BaCuO5 (Gd211) free
region and the Gd211-containing region were separated by a BaZrO3-and-Ag layer in a small region.
But such microstructural inhomogeneity can be well improved with the increase of Gd3ZrO7 additions.
All these results show that Gd3ZrO7 additions improve the pinning performance of GdBCO supercon-
ductor bulks.

topics: GdBCO superconductor bulk, top-seeded melt-texture growth, Gd3ZrO7 additions, critical cur-
rent density

1. Introduction

Because of higher critical current density (Jc)
and the ability to trap higher magnetic field
compared with the low temperature supercon-
ductors, REBa2Cu3O7−δ (REBCO or RE123,
RE = rare earth elements, such as Y, Gd, Sm, Nd,
etc.) high temperature superconductors have at-
tracted widespread attention and been widely used
in various practical applications, such as magnetic
levitation, motors, flywheel energy storage systems,
etc. [1–5]. However, the improvement of supercon-
ducting property is greatly restricted due to the
existence of weak links between the superconduct-
ing grains, the poor magnetic flux pinning ability,
etc. The top-seeded melt-texture growth (TSMG)

method has been widely used to prepare REBCO
superconductor bulks with excellent properties, but
the shrinkage of REBCO bulks due to the diffu-
sion and loss of liquid phase during crystal growth
can degrade the superconductivity of REBCO bulks
and even lead to the failure of sample preparation.
Meanwhile, the top-seeded infiltration and growth
(TSIG) allows to avoid such problems and to have
a negligible shrinkage of the bulks since the intro-
duction of a liquid phase source can provide the
sufficient liquid phase to the precursor pellet [6–9].
Consequently, in this study, we prepare the GdBCO
superconductor bulks by the TSMG method and in-
troduce the Y123 pellet as the liquid phase source
in order to prepare high-performance GdBCO su-
perconductor bulks with negligible shrinkage.
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It has been proved that Jc and trapped mag-
netic flux of the REBCO superconductor bulk can
be improved by introducing appropriate second
phase particles as effective pinning centers [10–12]
while Zr-containing particles can be used as effec-
tive doping particles to promote the improvement
of REBCO superconductors [13–15] performance.
In addition, considering that the second peak effect
caused by the Gd/Ba substitution can well improve
the Jc property in intermediate and high fields, we
chose the Gd3ZrO7 particles as the doping parti-
cles. Generally, the optimal amount of the doping
particles is around 0.4 mol.% [14, 16–19], thus the
doping amount of the Gd3ZrO7 particles was set in
the range of 0.0–0.8 mol.% in this study.

Four GdBCO superconductor bulks doped with
0.0–0.8 mol.% Gd3ZrO7 particles have been suc-
cessfully fabricated by the modified TSMG method.
We systematically studied the influence of different
doping amounts of Gd3ZrO7 particles on the crit-
ical temperature, the critical current density, the
trapped flux density and the microstructure of these
GdBCO superconductor bulks.

2. Experimental

2.1. Preparation of Gd3ZrO7 powders

The Gd3ZrO7 powders have been prepared by
solid state reaction. Commercial Gd2O3 (99.9%)
and ZrO2 (99.9%) powders were mixed in the molar
ratio of Gd:Zr=3:1 and ground in a mortar for 3 h.
We put the well mixed powders into the resistance
furnace for sintering, with sintering temperature up
to 940◦ in 5 h, and keeping for 10 h. Then, we
ground the sintered powders again for 3 h and sin-
tered again as before. After three times of sintering
and four times of grinding, the Gd3ZrO7 powders
were prepared. The XRD analysis was applied to
identify the composition of powders, and the XRD
diffraction patterns of powders are given in Fig. 1.
It was found that the main peak of the XRD diffrac-
tion patterns is obvious, which confirms the success-
ful preparation of the Gd3ZrO7 powders with high
purity.

2.2. Preparation of GdBCO
superconductor bulks

The Gd3ZrO7 powders and commercially pure
powders of Gd123 (99.9%) and Gd2BaCuO5

(Gd211) (99.9%) were used as a starting mate-
rial in an initial composition of Gd123 +40 mol.%
Gd211+x mol.% Gd3ZrO7 (x = 0, 0.2, 0.4, 0.8),
which are denoted as S0, S2, S4 and S8, respec-
tively. In order to improve the mechanical prop-
erty and inhibit the coarsening of Gd211 particles,
10 wt% Ag2O and 0.5 wt% Pt were also added. The
precursor powders were mixed thoroughly in a ball
milling machine and then pressed into a cylinder
pellet with the diameter of 25 mm and the thickness
of 12 mm as the precursor pellet. Commercially

Fig. 1. XRD diffraction patterns of Gd3ZrO7 pow-
ders prepared by solid state reaction.

pure Y123 powders were also pressed into a cylinder
pellet with the diameter of 25 mm and the thickness
of 3 mm as the liquid phase source pellet. The Y123
pellet was put under the GdBCO precursor to pro-
vide sufficient liquid phase to the precursor pellet.
A NdBCO seed crystal, whose size is 2×2×0.5mm3,
was placed at the center of the top surface of the
precursor pellet. The Y2O3 pellet was put under the
Y123 pellet to avoid the reaction between Al2O3

substrate and liquid phase source. The entire ar-
rangement was put into a box furnace for the TSMG
process. The temperature profile is as follows. The
maximum temperature (Tmax) was set at 1079◦ and
kept for 1 h, then it was reduced to 1008◦, fol-
lowed by cooling at a rate of 0.3◦/h for 30◦ and
finally cooled to room temperature. Subsequently,
the annealing process was carried out in the high
purity oxygen flow to transform the structure from
the tetragonal non-superconducting phase to the or-
thogonal superconducting phase. The sintered sam-
ples were firstly heated to 450◦ in 5 h and kept for
40 h, followed by slowly cooling to 350◦ in 140 h,
and then the temperature was decreased to 300◦

in 30 h. Finally, it was cooled down to room tem-
perature. The details of the preparation process are
described in [13, 19].

2.3. Measurement of characteristics

For the measurement of trapped flux density, the
bulks were cooled down to the liquid nitrogen tem-
perature under a magnetic field of 1 T. After 30
minutes, the applied field was removed and the dis-
tribution of the trapped flux density could be ob-
tained by the Hall probe sensor with the distance of
0.5 mm between the probe and the sample surface.
In order to study the effect of Gd3ZrO7 additions on
the superconducting property of the GdBCO super-
conductor bulk, small rectangular specimens with
the size of 2 × 2 × 1 mm3 were cut from different
positions of these superconductor bulks for the mea-
surement of their superconducting properties. Two
specimens were cut under the seed, labeled as C1
and C2 based on the distance from the top surface
to the bottom, and two other specimens were cut
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Fig. 2. Schematic diagram of the positions of four
specimens cut from the GdBCO superconductor
bulk.

near the boundary, labeled as B1 and B2 based on
the distance from the top surface to the bottom.
The specific positions of these specimens have been
given in Fig. 2.

The DC magnetization measurements were car-
ried out by using the physical property measure-
ment system (PPMS), and the Jc values were de-
duced based on the extended Bean critical state
model [20]. The microstructures of these bulks
were observed through the scanning electron mi-
croscope (SEM), while the elemental distribu-
tion was analyzed by the energy-dispersive X-ray
spectroscopy (EDX).

3. Results and discussion

Four single domain GdBCO superconductor
bulks with different doping amounts of Gd3ZrO7

particles have been successfully fabricated by the
modified TSMG method, as shown in Fig. 3. It can
be seen that the NdBCO seed crystals of all bulks
are kept intact and the fourfold growth sector can be
clearly observed, which means good single domain
performances of these four GdBCO superconduc-
tor bulks. An interesting phenomenon is observed
in which the bulks doped with the Gd3ZrO7 par-
ticles show squared stripes around the seed crys-
tal, in contrast to undoped bulk where this phe-
nomenon does not occur. So we infer that the
squared stripes are caused by the Gd3ZrO7 parti-
cles. In some studies on the REBCO superconduc-
tor bulks doped with ZrO2 powders [18–21], inho-
mogeneous microstructures were proposed, such as
the second phase free band–the second phase rich
band–the second phase diluted band and a growth
cycle consisting of a RE211 free layer–porous nar-
row layer–RE211 high concentration layer. In [22],
the structure that the squared narrow bands formed
by BaZrO3 and Y211 particles enclosing the YBCO
single domain regions free of Y211 particles was
considered in the YBCO bulk with BaZrO3 addi-
tions. According to these studies, it is reasonable
to deduce that the squared stripes around the seed
crystal shown in the doped samples are the macro-
scopic appearances of inhomogeneous microstruc-
ture. Moreover, it can be found that the region
where the squared stripes are distributed becomes
smaller with the increase of Gd3ZrO7 additions.

Fig. 3. Top view of GdBCO superconductor bulks
with different doping amounts of Gd3ZrO7 parti-
cles: (a) S0, (b) S2, (c) S4, (d) S8.

The temperature dependence of magnetization of
specimens cut from different positions, C1, C2, B1
and B2, of the GdBCO superconductor bulks with
different amounts of Gd3ZrO7 particles are shown
in Fig. 4. The case of the position dependence of
Tc, onset of specimens cut from four GdBCO super-
conductor bulks with different amount of Gd3ZrO7

particles was presented in Fig. 4e. It can be clearly
seen that except for B1 position, the Tc, onset val-
ues of some doped bulks are slightly lower than
that of the undoped bulk. However, the addition
of Gd3ZrO7 particles does not degrade the super-
conductivity of GdBCO bulk because all specimens
exhibit high Tc, onset values ranging from 94.2 K
to 95.9 K.

Figure 5 shows the magnetic field µH depen-
dence of critical current density Jc of specimens,
cut from different positions (C1, C2, B1 and B2)
of the GdBCO superconductor bulks with different
amounts of Gd3ZrO7 particles at 77 K. Plots of Jc
in self-field as a function of the amount of Gd3ZrO7

additions are shown in Fig. 6, in order to present
the occurrence of these bulks in low fields. The
Jc values of specimens cut from different positions
of a superconductor bulk are usually different, and
there are various causes of that, e.g., the existence
of a seed crystal, the inhomogeneous distribution of
the second phase particles, etc. [6, 23, 24]. Based on
the results shown in Figs. 5 and 6, we can also find
that there are larger or smaller differences between
the four specimens for both undoped and doped
bulks, however these differences decrease in the
doped bulks as compared with the undoped bulk.
This indicates that the addition of the Gd3ZrO7

particles has a position effect on the microstructural
uniformity.

It can be seen in Fig. 6 that the self-field Jc
of the specimens under the seed (C1 and C2) in-
creases, however such increase is not obvious in the
GdBCO bulk doped with 0.8 mol.% Gd3ZrO7 par-
ticles, where a significant decrease of Jc is observed
at C1 position. For the specimens near the bound-
ary (B1 and B2), the self-field Jc is degraded by the
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Fig. 4. Temperature (T ) dependence of magneti-
zation (M) of specimens cut from different posi-
tions, C1 (squares), C2 (circles), B1 (triangles),
and B2 (diamonds), of the GdBCO supercon-
ductor bulks with different amounts of Gd3ZrO7

particles: (a) S0, (b) S2, (c) S4, (d) S8. (e)
Position dependence of Tc,onset of specimens cut
from four GdBCO superconductor bulks with dif-
ferent amounts of Gd3ZrO7 particles: S0, S2,
S4, and S8.

Fig. 5. Magnetic field (µH) dependence of critical
current density (Jc) of specimens cut from different
positions, C1 (squares), C2 (circles), B1 (triangles)
and B2 (diamonds) of the GdBCO superconductor
bulks with different amount of Gd3ZrO7 particles:
(a) S0, (b) S2, (c) S4, (d) S8 at 77 K.

Fig. 6. Plots of Jc in self-field (Jc,self−field) of
specimens from different positions, C1 (squares),
C2 (circles), B1 (triangles) and B2 (diamonds) as
a function of the amount of Gd3ZrO7 additions (x).

Gd3ZrO7 additions first, and then improved with
the increase of the Gd3ZrO7 additions. The maxi-
mum self-field Jc = 49.1 kA/cm2 at 77 K is obtained
in the B1 of the GdBCO bulk doped with 0.8 mol.%
Gd3ZrO7 particles. In addition, it can be observed
that the second peak effect becomes more obvious
with the addition of Gd3ZrO7 particles, but less ob-
vious in the GdBCO bulk doped with 0.8 mol.%
Gd3ZrO7 particles.

For the undoped bulk (S0), the Jc values of spec-
imens near the boundary are higher than those of
specimens under the seed (B1>C1 and B2>C2) in
low fields. It is a typical phenomenon of REBCO su-
perconductor bulks [25]. During the growth of RE-
BCO single domain superconductor bulks, small-
sized Gd211 particles are pushed to the growth
front due to the pushing/trapping theory [21, 25, 26]
and serve as pinning centers greatly improving their
Jc properties. This, in turn, results in higher Jc
of specimens near the boundary than that of the
specimens under the seed in low fields. The slight
second peaks are shown in B1 and B2 of the un-
doped bulk, which are usually caused by the Gd/Ba
substitution.

One can observe in Figs. 5 and 6 that when a
small amount of Gd3ZrO7 particles was introduced
into the GdBCO superconductor bulks (S2), the
self-field Jc values of the specimens under the seed
increased, while the self-field Jc values of the spec-
imens near the boundary decreased. It can be in-
ferred that the small doping amount of the Gd3ZrO7

particles cannot well improve the Jc property of
the whole GdBCO bulk in low fields. In interme-
diate and high fields, however, the Jc properties
were well improved, especially for C2 of S2, exhibit-
ing a clear second peak in the Jc(H) dependence.
In the case of the GdBCO bulk doped with
0.4 mol.% Gd3ZrO7 particles (S4), the Jc property
in low fields was slightly improved, while a signif-
icant improvement of Jc for almost all specimens
was observed in intermediate and high fields where
a clear second peak appears. Although S8 do not
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Fig. 7. Trapped flux density (Btrap) of GdBCO su-
perconductor bulks with different doping amounts
of Gd3ZrO7 particles: (a) S0, (b) S2, (c) S4, (d) S8;
parts (e), (f), (g), and (h) are the top view of (a),
(b), (c), and (d), respectively.

exhibit the secondary peak, the self-field Jc of S8
was significantly improved, especially for the spec-
imens near the boundary. Therefore, we infer that
the addition of Gd3ZrO7 particles has a relevant
impact on the improvement of Jc property in the
whole field range, and the Gd3ZrO7 additions may
intensify the Gd/Ba substitution.

Figure 7 shows the trapped flux density (Btrap)
of GdBCO superconductor bulks with different dop-
ing amounts of Gd3ZrO7 particles. It is clear that
the trapped field profiles of all samples exhibit good
symmetry and conical shape, meaning that both un-
doped and doped GdBCO bulks exhibit superior
single domain properties [1, 14, 27, 30]. It can be
found, in addition, that the trapped field of GdBCO
bulks continuously increase with the doping amount
of Gd3ZrO7 particles. The maximum trapped flux
density value of 0.56 T is obtained in the bulk doped
with 0.8 mol.% Gd3ZrO7 particles. Note that it is
more than three times as high as that of the un-
doped bulk whose maximum trapped flux density
value is 0.17 T. The trapped flux density Btrap is
proportional to the grain size and Jc, according to
the equation Btrap = AµJcR, where A is the con-
stant, µ is the permeability of vacuum, Jc is the

Fig. 8. SEM micrographs (at a magnification of
3000×) of B1 specimens of the GdBCO super-
conductor bulks with different doping amounts of
Gd3ZrO7 particles: (a) S0, (b) S2, (c) S4, (d) S8.

critical current density and R is the radius of the
grain [1, 31, 32]. Since there is little difference in
sizes between these bulks, we can conclude that the
enhancement of Btrap is mainly due to the increase
of Jc with the increase of the Gd3ZrO7 additions.
Therefore, it further proves that Gd3ZrO7 additions
play a crucial role in improving the Jc property, thus
enhancing the trapped flux density of the GdBCO
superconductor bulk.

A high-performance superconductor must have
an ideal microstructure, and the size and distri-
bution of the second phase particles are important
for its superior superconductivity. In general, the
Gd211 particles with the appropriate size can be
used as the pinning centers, increasing the Jc val-
ues of the superconductor bulks [26, 28, 33]. The
SEM micrographs of B1 specimens of the GdBCO
superconductor bulks with different doping amount
of Gd3ZrO7 particles are presented in Fig. 8, from
which the distribution of the Gd211 particles can be
observed. The white particles, which are identified
as the Gd211 particles, are distributed in the four
samples. Obviously, the content of the Gd211 par-
ticles distributed in the B1 specimen of the GdBCO
bulk continuously decreases with the increase of
Gd3ZrO7 additions. The causes of this phenomenon
will be systematically analyzed later.

In order to further analyze the Gd211 particles
distributed in these GdBCO bulks, the size of the
Gd211 particles shown in Fig. 8 was counted by the
software of Nano measurer 1.2, as shown in Fig. 9.
The horizontal axis shows the size range, while the
vertical axis shows the number of the Gd211 parti-
cles within a certain size range as a percentage of
the total number of the Gd211 particles counted in
each sample. The curves are obtained by fitting the
size distribution of the Gd211 particles and are rep-
resented by the red solid curves in Fig. 9, thus the
size distribution and the average size of the Gd211
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Fig. 9. The size distribution of the Gd211 particles
in the GdBCO superconductor bulks with different
doping amounts of Gd3ZrO7 particles: (a) S0, (b)
S2, (c) S4, (d) S8. The red solid curves represent the
fitted curves obtained by fitting the size distribution
of the Gd211 particles. The average size values of
the Gd211 particles (AVG) obtained from the peak
position of each fitted curve are also given.

particles in each bulk can be predicted. The aver-
age size values of the Gd211 particles (AVG) are ob-
tained from the peak position of each fitted curve.
The average size of the Gd211 particles decreases
with the increase of Gd3ZrO7 additions when the
doping amount is less than 0.8 mol.%, while the av-
erage size of the Gd211 particles in S8 increase com-
pared with that in other doped bulks (S2 and S4).
However, when compared with the undoped bulk,
the average size of the Gd211 particles in all doped
bulks decreases. We can infer, therefore, that the
Gd3ZrO7 additions have a significant impact on the
refinement of the Gd211 particles, but the excessive
Gd3ZrO7 additions can make the Gd211 particles
coarser as compared with the GdBCO bulk with
a low doping amount.

Figure 10 exhibits the SEM diagrams at a higher
magnification (5000×) of specimens at B1 position
of the GdBCO superconductor bulks with different
doping amounts of Gd3ZrO7 particles. The stoi-
chiometry of various spots labeled in Fig. 10 were
identified by EDS analysis and the results are listed
in Table I. It can be seen that all doped bulks con-
tain not only Gd211 particles, but also BaZrO3 par-
ticles and liquid phase compound (BaCuO2+CuO),
as marked in Fig. 10 (spots E and F of S2, spots
J, K and L of S4, as well as spots P and Q of
S8). In many studies on REBCO superconduc-
tors doped with Zr-containing particles, the Zr-
containing particles tend to react with RE123 and
form BaZrO3 particles [33–35]. Therefore, we infer
that the reaction between Gd3ZrO7 particles and
Gd123 phase also occurs in these doped bulks and
produces BaZrO3 particles, accompanied by a cer-
tain amount of liquid phase compound. In addition,
it can be found that the molar ratio of Gd to Ba in

Fig. 10. SEM micrographs (at a magnification
of 5000×) of specimens at B1 position of the
GdBCO superconductor bulks with different dop-
ing amounts of Gd3ZrO7 particles: (a) S0, (b) S2,
(c) S4, (d) S8. The Gd211 particles, Gd123 phase
and spot containing Gd211 particles, BaZrO3 parti-
cles and liquid phase compound (BaCuO2 + CuO)
are marked with red dots, green dots, and blue dots,
respectively.

the Gd123 phase of the doped bulks (spots H and I
in S4 and spots N and O in S8) is higher than that
of the undoped bulk (spots B and C in S0), that is,
a more superconducting phase of doped bulks ex-
ists as the Gd1+xBa2−xCu3O7 phase. Considering
the obvious second peak appeared in S2 and S4, we
infer that the Gd3ZrO7 additions can intensify the
Gd/Ba substitution in the GdBCO bulks. One can
suggest that the following reactions may occur dur-
ing the growth of GdBCO superconductor bulks:

GdBa2Cu3O7 +Gd3ZrO7 →
BaZrO3 + 4Gd3+ +BaCuO2 + 2CuO, (1)

Gd3+ +GdBa2Cu3O7 → Gd1+xBa2−xCu3O7,

(2)
2GdBa2Cu3O7 


Gd2BaCuO + 3BaCuO2 + 2CuO. (3)
Throughout the TSMG process, some part of the

Gd123 phase reacts with Gd3ZrO7 particles gener-
ating BaZrO3 particles and releasing Gd3+ ions, as
shown with (1). At high temperature, some other
part of the Gd123 phase decomposes and generates
Gd211 particles, as shown with (3).

As shown in (2), the released Gd3+ ions can
substitute for the Ba2+ ions in the crystal lattice
of GdBa2Cu3O7 and form the Gd1+xBa2−xCu3O7

phase. The BaZrO3 particles were widely used as
the doping particles in many studies and proved to
have a significant effect on the improvement of the
superconducting property of the REBCO supercon-
ductors [15, 34–38]. In addition, some studies pro-
posed that the BaZrO3 particles, which formed in
the ZrO2-doped Gd123 bulk can disperse in the bulk
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TABLE IStoichiometry and possible particles of spots labeled in Fig. 10 identified by EDS analysis.

Sample Spot Gd [%] Ba [%] Cu [%] Zr [%] Possible particles

S0
A 19.2 10.5 10.9 0.0 Gd211
B 7.9 16.1 24.5 0.0 Gd123 (Gd:Ba:Cu = 1:2.04:3.10)
C 7.0 14.6 21.8 0.0 Gd123 (Gd:Ba:Cu = 1:2.09:3.11)

S2
D 21.9 12.0 12.6 0.0 Gd211
E 10.9 15.0 11.7 7.0 109Gd211 + 140BaZrO3 + 51BaCuO2 + 74CuO
F 1.5 15.3 5.1 9.8 15Gd211 + 196BaZrO3 + 95BaCuO2

S4

G 18.4 9.9 10.3 0.1 Gd211
H 7.7 15.1 22.4 0.0 Gd123 (Gd:Ba:Cu = 1:1.96:2.91)
I 3.8 7.2 11.8 0.0 Gd123 (Gd:Ba:Cu = 1:1.89:3.11)
J 5.3 15.7 16.2 4.5 53Gd211 + 90BaZrO3 + 171BaCuO2 + 100CuO
K 15.0 10.7 13.0 0.4 75Gd211 + 4BaZrO3 + 28BaCuO2 + 27CuO
L 8.4 9.2 8.5 1.1 42Gd211 + 11BaZrO3 + 39BaCuO2 + 4CuO

S8

M 19.0 10.4 10.6 0.0 Gd211
N 8.8 17.2 25.4 0.0 Gd123 (Gd:Ba:Cu = 1:1.95:2.89)
O 8.2 15.1 22.7 0.0 Gd123 (Gd:Ba:Cu = 1:1.84:2.77)
P 10.5 15.4 12.0 7.8 105Gd211 + 156BaZrO3 + 47BaCuO2 + 88CuO
Q 9.7 15.3 14.7 5.7 97Gd211 + 114BaZrO3 + 95BaCuO2 + 102CuO

with the size of around 50 nm [34, 35] — the size
small enough to treat the BaZrO3 particles as the
effective pinning centers. Therefore, as compared
with the undoped bulk in which only Gd211 parti-
cles serve as the pinning centers, both BaZrO3 par-
ticles and Gd211 particles — as the pinning centers
in the doped bulks — can well improve the flux pin-
ning performance of GdBCO superconductor bulks.

When the GdBCO bulk is doped with the
Gd3ZrO7 particles, some part of the Gd123 phase
reacts with Gd3ZrO7 particles and, since such
a Gd123 phase decomposition occurs, only a few
of the Gd211 particles remain. Moreover, the liquid
phase compound produced by the reaction between
Gd3ZrO7 particles and the Gd123 phase can contin-
ually react with the Gd211 particles to promote the
growth of the Gd123 superconducting phase, which
can also decrease the content of the Gd211 particles.
During the TSMG process, the Gd211 particles gen-
erally accumulate under the seed and are pushed to
the growth front according to the pushing/trapping
theory [21, 25, 26]. However, the decrease of the
content of Gd211 particles can weaken the pushing
effect, leading to fewer Gd211 particles to be pushed
to the boundary.

This can well explain the phenomenon that the
content of the Gd211 particles at the B1 position
decreases with the increase of Gd3ZrO7 additions,
as shown in Fig. 8. The BaZrO3 particles formed by
the reaction between Gd3ZrO7 particles and Gd123
phase tend to accumulate at the early stage of crys-
tal growth, that is, at the region under the seed.
They diffuse to the boundary during the crystal
growth. When the doping amount of the Gd3ZrO7

particles is low, the content of the BaZrO3 particles
is low, thus the BaZrO3 particles are mainly dis-
tributed under the seed. As a result, the content of

the BaZrO3 particles under the seed is higher than
that near the boundary. When the doping amount
of the Gd3ZrO7 particles is higher, the content of
the BaZrO3 particles under the seed increases, and
continuously diffuses to the boundary during the
TSMG process.

Hence, we impose a view that for the low dop-
ing amount of the Gd3ZrO7 particles, the increase
of the self-field Jc at the position under the seed is
due to the fact that more BaZrO3 particles accu-
mulate under the seed and thus serve as the pin-
ning centers (although the content of Gd211 par-
ticles under the seed decreases). However, for the
high doping amount of the Gd3ZrO7 particles, less
accumulation of the BaZrO3 particles greatly de-
grades the self-field Jc property under the seed. It
is due to the Gd3ZrO7 diffusion and the significant
decrease of the content of Gd211 particles under
the seed. It may be the reason why the self-field Jc
of the specimens under the seed increases first, but
insubstantially and even decreases significantly at
the C1 position when the Gd3ZrO7 additions reach
0.8 mol.%, as shown in Fig. 6. While in the re-
gion near the boundary, when the doping amount
of the Gd3ZrO7 particles is low, the BaZrO3 parti-
cles mainly accumulate under the seed, thus there
are few BaZrO3 particles as pinning centers near
the boundary.

Additionally, the decrease of the content of Gd211
particles pushed to the boundary can also degrade
the Jc properties of the specimens near the bound-
ary. Therefore, the self-field Jc of the specimens
near the boundary in S2 decreases, as compared
with the undoped bulk. As the Gd3ZrO7 addi-
tions increase, more BaZrO3 particles are formed
and serve as the flux pinning centers. Further, such
BaZrO3 particles can diffuse to the boundary during
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Fig. 11. SEM micrographs (at a magnification
of 1000×) of the peculiar microstructure in
doped GdBCO superconductor bulks with differ-
ent amounts of Gd3ZrO7 particles: (a) S2, (b) S4,
(c) S8.

the crystal growth, which results in higher self-field
Jc values of the specimens near the boundary with
the addition of the Gd3ZrO7 particles. It is the rea-
son why the self-field Jc of the specimens near the
boundary decreases first, then increases with the
increase of Gd3ZrO7 additions, as shown in Fig. 6.
Since the amount of the BaZrO3 particles is high in
B1 of S8, the critical radius of the Gd211 particle
increases [22], that is, some Gd211 particles with
a slightly larger size trapped in the GdBCO bulk
doped with a smaller amount of the Gd3ZrO7 ad-
ditions can be pushed to the boundary in S8, thus
enhancing the average size of the Gd211 particles
in B1 of S8. It may be the reason why the average
size of Gd211 particles in S8 is higher than that of
Gd211 particles in S2 and S4, as shown in Fig. 9.

In general, the Jc of REBCO bulks in low fields
depends more on the δl pinning, while the Jc of RE-
BCO bulks in intermediate and high fields depends
more on the δTc pinning. In this study, the addi-
tion of Gd3ZrO7 particles provides more BaZrO3

particles as the pinning centers and intensifies the
Gd/Ba substitution. The former can lead to the
δl pinning centers which increase Jc in low fields,
while the latter can result in the δTc pinning cen-
ters which can increase Jc in intermediate and high
fields and can be reflected by the second peak ef-
fect [5, 39]. In fact, they cause the improvement of
the Jc property by doping Gd3ZrO7 particles, and
the continuous increase of the trapped flux density
with the increase of Gd3ZrO7 additions.

It can also be observed in Fig. 10 that the mi-
crostructure of the B1 of S4 exhibits obvious inho-
mogeneity. However, this peculiar microstructure
is not unique to S4. Also, we can find such mi-
crostructural inhomogeneity in S2 and S8, as shown

Fig. 12. EDS elemental maps of B1 specimen in
S4 corresponding to Fig. 10c.

in Fig. 11 which gives SEM micrographs of doped
GdBCO bulks at a lower magnification of 1000×.
Figure 11b is a SEM diagram of the B1 specimen
in S4 shown in Fig. 10c at a lower magnification.
Figure 12 shows EDS elemental maps of the B1
specimen in S4 corresponding to Fig. 10c. It can be
found that all doped samples form the microstruc-
ture with the Gd211-free region and the Gd211-
containing region separated by a special layer. The
composition of this special layer was analyzed by
EDS analysis (see Fig. 12). By combining EDS el-
emental maps in Fig. 12 and stoichiometry of spots
J and L in this special layer shown in Fig. 10 and
Table I, we can draw the following conclusion: the
special layer, which separates the Gd211 free region
and the Gd211-containing region is mainly made
of BaZrO3 particles and Ag particles. Some stud-
ies on the REBCO bulks doped with Zr-containing
particles have already proposed the idea of inho-
mogeneous microstructure [18, 21] and the phe-
nomenon that Zr-containing particles tend to accu-
mulate around silver [14]. Therefore, we also infer
that during the TSMG process, BaZrO3 particles
formed by a reaction between Gd3ZrO7 particles
and the Gd123 phase can accumulate along with
Ag and form the layer. This, in fact, can result
in the formation of an inhomogeneous microstruc-
ture in which the Gd211 free region and the Gd211-
containing region were separated by the BaZrO3–
and–Ag layer in a small region. Such an inhomo-
geneous microstructure results in the appearance of
squared stripes around the seed crystal in the doped
GdBCO superconductor bulks. According to Fig. 3,
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the region where the squared stripes are distributed
becomes smaller with the increase of Gd3ZrO7 addi-
tions. It means that the microstructural uniformity
can be improved with increasing Gd3ZrO7 addi-
tions, which is consistent with the previous analysis.

Some studies on the REBCO bulks doped with
Zr-containing particles have already proposed the
idea of inhomogeneous microstructure [18, 21] and
the phenomenon that Zr-containing particles tend
to accumulate around silver [14].

4. Conclusion

In this study, we have successfully prepared four
GdBa2Cu3O7−δ (GdBCO) single domain supercon-
ductor bulks doped with 0–0.8 mol.% Gd3ZrO7

particles by the modified TSMG method. The
Gd3ZrO7 powders were prepared by solid state reac-
tion and the single phase and high purity were iden-
tified by XRD analysis. The superconducting prop-
erties, such as critical temperature (Tc), critical cur-
rent density (Jc) and trapped flux density (Btrap),
as well as the microstructure of these GdBCO bulks
have been systematically analyzed. The onset crit-
ical temperature (Tc,onset) of all GdBCO supercon-
ductor bulks are above 94 K, meaning the successful
preparation and superior superconductivity.

The reaction between Gd3ZrO7 particles and
Gd123 phase occurs during the TSMG process,
forming the BaZrO3 particles and intensifying the
Gd/Ba substitution which leads to the δl pinning
centers and δTc pinning centers, respectively. Such
an improvement of flux pinning performance signif-
icantly enhances Jc and the trapped flux density.
The highest self-field Jc of 49.1 kA/cm2 was ob-
tained in the GdBCO bulk doped with 0.8 mol.%
Gd3ZrO7 particles. Along with doping, the self-
field Jc of the specimens under the seed first in-
creases and then, in the case of the C1 position,
it significantly decreases when the doping amount
of Gd3ZrO7 particles reaches 0.8 mol.% while the
self-field Jc of the specimens near the boundary de-
creases first, and then increases with the increase of
the Gd3ZrO7 additions. It is due to the combined
effect of the Gd2BaCuO5 (Gd211) particles and the
BaZrO3 particles according to the SEM and EDS
analysis. The trapped flux density of GdBCO bulks
continuously increases with the doping amount of
Gd3ZrO7 particles, and the maximum trapped flux
density of 0.56 T is obtained in the bulk doped with
0.8 mol.% Gd3ZrO7 particles, which is more than
three times as high as that of the undoped bulk
whose maximum flux density is 0.17 T.

The doped bulks exhibit squared stripes around
the seed crystal, which are identified as the
macroscopic appearance of the inhomogeneous mi-
crostructure in which the Gd2BaCuO5 (Gd211) free
region and the Gd211-containing region were sep-
arated by the BaZrO3–and–Ag layer in a small
region. The region where squared stripes are
distributed becomes smaller with the increase of

Gd3ZrO7 particles, which means the microstruc-
tural inhomogeneity can be improved by the ad-
dition of the Gd3ZrO7 particles. These results
confirm that the superconducting properties and
microstructural uniformity of the GdBCO super-
conductor bulk can be well improved by doping
Gd3ZrO7 particles, which is of significance for the
industrial applications of superconductors.
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