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Optimization of a Novel Melt-Growth Heat
Treatment of YbBa2Cu3O7−δ/Ag Tapes

Zili Zhang, Jianyi Jiang, Qiuliang Wang , David C. Larbalestier, and Eric E. Hellstrom

Abstract—A novel melt-growth heat treatment of YbBa2 Cu3
O7−δ (Yb123) powder in Ag-sheathed tape has been established as
a necessary first step to form aligned Yb123 grains in a powder-
in-tube (PIT) conductor. The heat treatment parameters including
the rate at which the atmosphere was changed from Ar to pure
O2 , the heat treatment temperature, and the time during which
the melt transformed back to Yb123 were investigated to find the
optimum parameters for reforming Yb123 in Ag-sheathed tape.
The Yb123 purity after being reformed is insensitive to the rate
at which the atmosphere was changed. The optimized parameters
are 910 °C for 48 h to reform Yb123.

Index Terms—YbBa2 Cu3 O7−δ , superconductor, melt and
growth, oxygen partial pressure.

I. INTRODUCTION

THE high temperature superconductor REBa2Cu3O7−δ

(RE123; RE = rare earth – also called REBCO) has signif-
icant advantages of high current density (Jc), high irreversibility
field (Hirr), and high critical transition temperature (Tc) com-
pared to other superconductors. There have been extensive fun-
damental studies and also technological studies for applications
in areas such as transmission cables [1], [2], insert magnets for
high-field magnets [3], [4], fault current limiters [5], [6], and
generators for wind turbines [7]. The RE123 coated conductors
require bi-axial texture to achieve high Jc [8], [9], and both
the Ion Beam Assisted Deposition (IBAD) and Rolling Assisted
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Biaxially Textured Substrate (RABiTS) methods to make the
textured coated conductor are too complicated and expensive
for many applications [10].

If it were possible to make a high- Jc RE123 tape or round
wire using the simpler powder-in-tube (PIT) method, it would
be great improvement for RE123 applications. However, mul-
tiple attempts to make a high Jc wire since Y123 was first
discovered have yielded Ag-sheathed conductors whose high-
est critical current (Ic) was only 5.02 A at 77 K self-field [11],
which is due to lack of texture in the Ag-sheathed conductor.
In 2014, Larbalestier et al. reported a significant increase in
Jc in Ag-sheathed Bi2Sr2CaCu2O8 (Bi-2212) round wire, in
which highly aligned Bi-2212 grains formed naturally as Bi-
2212 reformed from the melt on cooling [12]. Using Bi-2212
as a model, we selected YbBa2Cu3O7−δ (Yb123), which has
the lowest melting temperature of the RE123s [13] to attempt
to melt and regrow Yb123 in Ag-sheathed tape.

In this paper, we investigated details of the heat treatment that
varies the pO2 and temperature during the heat treatment to grow
Yb123 from the melt in a Ag-sheath. The parameters we studied
included the rate at which the atmosphere was changed, and the
heat treatment temperature and time during which Yb123 grew
from the melt. We also investigated the effect that the purity
of the as-synthesized Yb123 has on the amount of Yb123 that
grew from the melt.

II. EXPERIMENTAL PROCEDURES

Powder Preparation: Yb123 powder was synthesized by
a solid-state reaction. Yb2O3 (99.99% Alfa Aesar), BaCO3
(99.8% Baker Analyzed) and CuO powder (99.995% Alfa Ae-
sar) were mixed in the stoichiometric ratio to form Yb123,
ground together, pressed into a pellet, and heat treated in a tube
furnace at 920 °C for 24 h under flowing O2 . The pellet was
ground, repressed and reheated until the powder was essentially
pure Yb123 by x-ray analysis. We judged the purity by the ratio
of the intensity of the strongest x-ray peaks of Yb123 to Yb211
(Yb2BaCuOx ), i.e., Yb123:Yb211. This ratio was typically 4,
which we refer to as standard purity Yb123. Unless specifically
mentioned otherwise, the experiments described below had a
ratio of 4. For one set of experiments we did several additional
grind, press, sinter sequences that raised this ratio to 8, which
we refer to as high purity Yb123.

Tape Preparation: The Yb123/Ag tape was fabricated by
the Powder-In-Tube (PIT) method. Pure, as-synthesized Yb123
powder was packed into Ag tubes (OD: 6.35 mm; ID: 4.35 mm).
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The tube was drawn down to 4.62 mm diameter, and then it was
rolled into a flat tape with a 10% reduction in thickness in each
rolling pass to a final thickness of 1.02 mm.

Heat Treatment Processes: Sections of the Yb123/Ag tape
(10 cm long) were heat treated in a tube furnace in which we
could change the atmosphere from flowing Ar to flowing O2 .
During the heat treatments, we changed the temperature and
also changed the atmosphere in the furnace from Ar to O2 by
flowing O2 to replace the Ar. The oxygen partial pressure (pO2)
in the furnace was measured with a zirconia oxygen sensor. The
details of the specific heat treatment schedules and the results
from each heat treatment are given in the Results and Discussion
Section.

Sample Characterization: The phase analysis of the samples
was characterized by Cu Kα x-ray diffraction (XRD) using a
Philips goniometer. For x-ray analysis, ceramic material was ex-
tracted from inside the tape samples after the heat treatment and
ground into a powder. The regrown Yb123 was characterized
by the Yb123:Yb211 intensity ratio.

III. RESULTS AND DISCUSSION

Fig. 1(a) shows our heat treatment schedule to melt and
regrow Yb123 in Ag-sheathed tapes. There are four lines in
Fig. 1(a): the red solid line at the top is the actual temperature
schedule for the entire process; the purple dotted line shows
the melt temperature of Yb123 due to the presence of Ag; the
blue dashed line in the middle shows the change of the atmo-
sphere in the furnace; and the green dash-dot line at the bottom
schematically shows the expected phases present in the tape.
The heat treatment consists of three steps. In step 1 the sample
is heated in flowing Ar to 940 °C at 10 °C/min, held for 2 h to
melt the Yb123, and then the temperature is decreased to 910 °C
at around 10 °C/min. In step 2, the gas is changed from Ar to
O2 at various flow rates. In step 3, the sample is held for an
additional 48 h at 910 °C in flowing O2 , and is finally cooled
to room temperature in the furnace under flowing O2 . The heat
treatment was designed to melt Yb123 in step 1, and the pres-
ence of the Ag decreased the melt temperature of Yb123 from
936 °C in pure O2 to 905 °C in Ar [shown as by the purple dotted
line in Fig. 1(a)]. In step 2, the melting temperature of Yb123
increased as O2 replaced Ar in the furnace, which nucleated and
grew Yb123 from the melt. In the step 3, the nucleation and
growth of Yb123 finished and the sample was cooled to room
temperature.

Fig. 1(b) shows the XRD patterns of fully heat-treated
Yb123/Ag tape after the heat treatment process in Fig. 1(a).
The two strongest peaks, which are around 32°, correspond to
the (103) and (013) peaks of tetragonal Yb123. They show that
Yb123 is the main phase after the heat treatment. However,
there are also strong peaks from Yb211 and BaCuO2 in the pat-
tern. The Yb123:Yb211 intensity ratio from Fig. 1(b) is 1.91,
which shows that although the heat treatment process can re-
form Yb123 from the melt, further optimization work is needed
to get better phase purity.

Step 2, in which the atmosphere is changed from Ar to O2 ,
is very important to form Yb123 from the melt. Our earlier

Fig. 1. (a) The heat treatment process designed for Yb123/Ag tape. The three
y axes from top to bottom are temperature (red solid line), pO2 (blue dashed
line), and phases (green dash-dot line), and the melt temperature of Yb123 in
the Ag tape is shown as the purple dotted line. The pO2 and melting temperature
do not change linearly with time as shown in step 2, but it is adequate to show
them as linear to indicate they are changing during the heat treatment. (b) XRD
result of Yb123/Ag tape after the heat treatment shown in (a). A flow rate of 0.5
SCFH was used in step 2, which changed the atmosphere from Ar to pure O2
in about 15 min.

studies showed that the pO2 has a significant effect on the melt
temperature of Yb123. We studied whether the rate at which
O2 replaced Ar in the furnace tube affected the nucleation and
growth of Yb123 from the melt. In step 1, Ar flows through the
tube furnace. In step 2, the Ar flow is stopped and replaced by O2
flowing at different rates. Initially the pO2 increases exponen-
tially with time and then asymptotically approaches pure O2 , as
shown in Fig. 2(a) and (b). The melting temperature of Yb123
changes with pO2 , which means that the melting temperature of
Yb123 in step 2 does not decrease linearly with time as O2 re-
places Ar in the furnace tube. This is represented schematically
in Fig. 1(a) by the purple dotted line. This non-linearity of the
Yb123 melt temperature with pO2 means controlling the melt
temperature as the pO2 is changed in step 2 is a complicated
process.

Fig. 2(c) shows the time needed to reach 20% O2 (approxi-
mately equivalent to pO2 in air, which is 200,000 ppm) and pure
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Fig. 2. (a) and (b) The pO2 value in the tube furnace versus time with different
flow rates. (c) The time for the pO2 in the tube furnace to reach the pO2 in air
(200,000 ppm) and pure oxygen (1,000,000 ppm) with different flow rates.
(d) The XRD results of fully heat-treated Yb123/Ag tape different flow O2 flow
rates. Slow = 0.0125 SCFH and fast = 0.5 SCFH.

Fig. 3. (a) XRD results of fully heat-treated Yb123/Ag tape for different
temperatures and times. (b) The Yb123:Yb211 intensity ratio for different tem-
peratures during step 3. All times shown are for 48 h, except for one heat
treatment at 910 °C, which was for 96 h.

O2 (1,000,000 ppm) in the furnace with different flow rates. It
shows that the time to 20% O2 is not significantly different using
flow rates of 0.5 to 0.075 SCFH but the time to 20% O2 is at
least 10 times longer with a flow rate 0.0125 SCFH. We did ex-
periments with a fast flow rate (0.5 SCFH) and a slow flow rate
(0.0125 SCFH) to test what effect the rate at which the pO2 was
changed in step 2 has on the final phase purity. It shows the fast
and slow flow rates need 14 and 340 min, respectively, to reach
1 atmosphere O2 . Fig. 2(d) shows the XRD patterns of fully-
processed Yb123/Ag tape with these two flow rates are very
similar, consisting of Yb123 as the main phase plus remnant
Yb211 and BaCuO2 impurity phases. The Yb123:Yb211 inten-
sity ratio of samples with fast and slow flow rates are essentially
the same (1.94 and 1.89, respectively). This result indicates that
changing the O2 flow rate is not the main factor determining the
phase purity of the final product.

The temperature and time in step 3 is critical to reform Yb123.
Various temperatures and times were investigated. Fig. 3(a) and
(b) show the XRD patterns and the Yb123: Yb211 intensity ra-
tio for different temperatures and times. All the samples have
the same phases present, and in each case, Yb123 is the main
phase. The strongest Yb123 peak alternated between (103) and
(013) for different samples, which indicates random orientation
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Fig. 4. XRD patterns from (a) as-synthesized Yb123 powders and (b) after
the full heat treatment in Ag tape. The Yb123 powders had different purities.
Standard purity indicates as-synthesized Yb123 powder with a Yb123:Yb211
intensity ratio of 4 and high purity has a ratio of 8.

of Yb123 after the regrowth process. Fig. 3(b) shows that slightly
more Yb123 formed at 910 and 915 °C than at higher tempera-
tures, but extending the time from 48 h to 96 h at 910 °C did not
significantly increase the amount of Yb123 that formed. These
results indicate that the heat treatment temperature and time
are not the dominating factors in the formation of high purity
Yb123.

We also investigated if the purity of as-synthesized Yb123 had
a significant effect on the phase purity of the final product. We
did this by comparing the Yb123 formation in tapes made with
powder that had a Yb123:Yb211 ratio of 4 (standard purity)
and 8 (high purity). Fig. 4(a) shows the x-ray pattern of the
Yb123 powder with Yb123:Yb211 ratios of 4 and 8. Fig. 4(b)
is the x-ray patterns after melting and regrowing Yb123 (step 3
has T = 910◦C and t = 48 h), which shows that the tape made
with the higher purity Yb123 powder formed a slightly smaller
amount of Yb123 during regrowth. This seems counter intuitive
and we do not have an explanation for this.

IV. CONCLUSION

A three-step heat treatment process had previously been es-
tablished to melt and regrow Yb123 in a Yb123/Ag-sheathed

powder-in-tube tape. The Yb123 in the Ag tape can be suc-
cessfully melted and reformed by manipulating the oxygen
partial pressure and temperature. The Yb123 that reforms
contains more impurity phases (Yb211 and BaCuO2) than the
as-synthesized Yb123 powder that was used to fabricate the
tape. We investigated the effect that the rate at which the atmo-
sphere was changed from flowing Ar to flowing O2 , and the heat
treatment temperature and time in step 3 of the heat treatment
have on the formation of Yb123. For the range of O2 flow rates
we used to change the atmosphere (from Ar to O2), there was
little effect on the formation of Yb123. The maximum amount
of Yb123 formed for temperatures between 910 and 915 °C in
step 3. Extending the time from 48 to 96 h at 910 °C did not
form significantly more Yb123. When we melted and regrew
Yb123 in a Yb123/A wire with purer Yb123 powder, the re-
grown Yb123 contained more impurities than when we started
with less pure Yb123 powder. At present we do not have an
explanation for this counter intuitive result.
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