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Abstract To obtain fine dispersion of Ag particles in YBaCus0:-, (123) superconductors, 123 samples were made by
pyrophoric synthetic method using malic acid and the subsequent solid-state reaction. As the pyrophoric synthetic
powder was used as a precursor material, fine 123 powder of submicron size was produced in a short reaction time. The
added Ag:Q was converted to metallic Ag during pyrophoric reaction and it accelerated both the formation of 123
phase and the grain growth via the enhanced mass transfer. The Ag particles of the sample sintered using the pyro-
phoric synthetic powder were more finely dispersed in the 123 matrix, compared to those of the sample sintered using
the mechanically mixed powder, attributing to the improvement of the superconducting properties.

1. Introduction

The solid state reaction method, which involves a me-
chanical mixing of raw materials, calcination with an
intermediate crushing, shape-forming and sintering,
has been widely used for ceramic processing. This pro-
cessing has been applied to the fabrication of the oxide
superconducting materials. However, the critical cur-
rent density (JJ) of YBa:CuiO+-, (123) prepared by the
conventional solid - state reaction method was very
low."? One of the major causes for the low J. is the
weak-link property of the grain boundary that is an ob-
stacle for the current travel.>® Due to the high-energy
state of the grain boundary, many inhomogeneities are,
in general, concentrated at grain boundaries of a 123
phase. For example, barium carbonate (BaCO,) and the
liquid phase containing carbon are often present at the
grain boundary, because of the slow decomposition of
barium carbonate into BaO and CO..* In addition to the
presence of the unreacted phases, improper mixing of

raw materials can lead to the formation of the off-stoi-
chiometric composition on 123 in the local parts of the
powder, which forms the non-superconducting second
phases during heat treatment.”'” If the local composi-
tion is barium-deficient. it induces a peritectic reaction
and hence forms Y.BaCuQ; and a liquid phase,*'” low-
ering the melting point of the system.”

Compared to the mechanically mixed powder, chemi-
cally treated powder has a better chemical homo-
geniety. Many successful results have been achieved in
the processes of coprecipitation,'*'® spray pyrolysis,
citrate pyrophoric synthesis,'®'® sol-gel,'**® aerosol
flow reaction,?”’ freeze drying method® and so on. Ben-
efits of these processes are production of fine powder,
good chemical homogeneity, short reaction time and
low reaction temperature. Among the processes, the py-
rophoric synthesis method is beneficial in mass produc-
tion of powders and is a cost-effective method,'® since
the powder can be produced in a short time by explo-
sive reaction as well as the oxides or carbonates that
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were used as raw materials are cheap. Shieh et. al. re-
ported that using of the citrate and nitrate precursor re-
duced the preparation time as well as lowered the for-
mation temperature of a 123 phase.'® The formation of
single 123 phase was achieved below 690°C in a helium
atmosphere. Furthermore, this process allows forming
the homogeneous aqueous solution of oxide materials
with additives and dopants'” and thus the intercalation
of the dopants into the crystal lattice or the uniform dis-
persion of second phase particles in the superconduc-
ting matrix is easier.

Another effective way to improve the grain bounda -
ry property of the oxide superconductor is the addition
of metallic element to the superconducting phase. Par-
ticularly, a metallic Ag phase is known to increase the
J. and the mechanical properties of the oxide supercon-
ductor via fine dispersion in the superconducting ma-
trix.>~® Both Ag.0 and metallic Ag are used as an
additive to a 123 phase without serious degradation of
the superconducting properties, because the reaction be-
tween silver and 123 phase is not severe. The objective
of this study is to achieve fine dispersion of mertallic sil-
ver in the 123 superconducting matrix using the pyro-
phoric synthetic powder as a precursor. Processing var-
iables of the pyrophoric reaction and the superconduc-
ting properties of the prepared samples are reported.

2. Preparation of precursor powders

Precursor powders were made by pyrophoric
synthetic method of Y ,0s BaCO; and CuO powder with
and without 20 wt.% Ag.O addition following the ex-
perimental procedure illustrated in Fig. 1. First, Y;Os;,
BaCO;, CuO and 20 wt.% Ag.0 powders were weighed
to a 123 composition and then the powder mixtures
were dissolved in 1 N HNQO; solution by using of a mag-
netic stirrer. The malic acid (CH¢s) was used for che-
lating with the ground powders. It has a structure con-
taining COOH radicals that combine with metal ions
(Ag*, Ba™? Cu*? and Y™ and then forms metal-or-
ganic complexes, [Ag.(C.H.05)], [Ba(C.,H.05)], [Cu
(C4H4Os)] and [YZ(CJ'IAOS) 3].

CHOs+2Ag"—[Ag.(CH.O:) ] +2H" (1-1)
CHOs+Ba**—[Ba(CH.0:) ] +2H" (1-2)
CHOs+Cu**—[Cu(CHO) | +2H" (1-3)
8CHOs+2Y **—[Y.(CHOs) 5] +6H" (1-4)
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Powder Weighing ¥,0,. BaCO,, CuO and Ag,0
1
Solution I+ 1N HNO, Solution
1
Chelation I—* Maiic acid (C,H,O,)
T
Neutralization

—> NH,OH pH 7

Pyrophoric ] | o rsn

Reaction
1
Caicination }—» 850 °C-900 °C in air
i
Sintering |- 880 °C-900 °C in air

Fig. 1. Experimental procedure of pyrophoric synthetic method.
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Fig. 2. TG (a) and DSC curve (b) of the powder neutralized and
dried at 50TC.

After the complete dissolution of the powders, the as-
sociated amount of malic acid to the chelation ratios
was added to the solution and then the solution was
neutralized to PH=7 with ammonia water (NH.OH).

In order to understand the heat events of the neutra-
lized solution, thermogravimetric analysis (TGA) and
differential scanning calorimeteric analysis (DSC) ex-
perimental were carried out for the powder neutralized
and dried at 50C, and the results were shown in Fig. 2.
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As can be seen in the TG data (Fig. 2(a)), large mass
change is observed near 225%C. It initiates near 200C
and almost finishes near 240°C. In the DSC curve, there
are two small exothermic peaks at 128°C and 160°C,
and the large double peaks at 227°C and 236°C (Fig. 2
(D). The large mass change of the TG data and the
large double DSC peaks implies that the violent exother-
mic reaction occurs around 230°C. This result is well
consistent with the work by Bhattacharya et. al's'” that
reported the pyrophoric reaction at 225°C in the precur-
sor prepared using a citric acid (CeH«O7) . The bottle of
the neutralized solution was, therefore, heated to 250C
in an oven and then held at this temperature for 5 h.
Holding at this temperature, the solution foamed and
yielded fine powders of dark brown color. During
heating, NH,NO; in the neutralized solution decoraposes
into several gas phases following reaction and heat gen-
erates by the exothermic reaction.

2NHNO:—2NH;+H,0+2NO,+1/20,+Heat  (2)

Figure 3 is scanning electron micrograph (SEM) of
the precursor powder without Ag:0 addition, prepared
by pyrophoric synthetic method. The pyrophoric
synthetic powder appears as a large agglomeration of
the component powders and the size is a few tens of mi-
crons. Many pores are observed inside the powder,
owing to the gas evolution during pyrophoric reaction.
Not illustrated here, the morphology of the pyrophoric
synthetic powder with Ag.0 addition was similar to
that of Fig. 3.

Figure 4 shows powder X-ray diffraction patterns of
the prepared precursor powders with (a) no addition
and (b) 20 wt.% Ag.0. In both patterns, all the peaks
correspond to the patterns of the raw materials of Y05,
BaCO; and CuO phase. Formation of a 123 phase dur-
ing pyrophoric reaction was not observed. This means
that during pyrophoric reaction, the metal-organic
complexes were converted again into the metal oxides
of Y,0: and CuO and the carbonate of BaCOs. It should
be noticed that the peaks of metallic Ag are observed in
the A g.0-doped powder precursor. It was reported that
Ag/ was converted into metallic Ag at 390°C in air®
and around 500C in O, atmosphere® in the presence of
123 phase. The observation of metallic Ag peaks of the
XRD pattern of this study is due to the formation of the
metallic Ag from the organic complexes of [Ag.(C.H.
0s)]. However, it is not clear whether [Ag.(CH.05)] is
directly converted into metallic Ag phase during pyro-
phoric reaction or converted first into the intermediate

MBI A8YU A 12F (1998)
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Fig. 3. SEM micrograph of the pyrophoric synthetic powder
without Ag,O addition.
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Fig. 4. Powder X-ray diffraction patterns of the pyrophoric
synthetic powder with (a) no addition and (b) 20 wt.% Ag:O.

phase of Ag/0 and finally metallic Ag. Even if Ag0
forms during pyrophoric reaction, it will be tansformed
to metallic Ag by the heat evolved during the exother-
aic reaction of eq. (2).

3. Formation of a 123 phase in the pyrophoric
synthetic powder with and without AgO
addition

To know the formation of a 123 phase in the pyro-
phoric synthetic powders with no addition and 20 wt.%

Ag0 addition, 0.5 g of each powders were uniaxially

pressed in a steel mold and made into 10 mm dia. com-

pacts. The compacts were placed on alumina plates,
heated to various temperatures of 850C, 890TC and
900°C in air at a rate of 100°C/h, held for various time
periods and then cooled to room temperature at a rate
of 100C/h.

Figure 5 shows powder XRD patterns of the samples
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with (a) no addition and (b) 20 wt.% Ag.O addition,
heat-treated at 850°C in air for 1 h. Although a large
amount of the raw materials were converted to a 123
phase, peaks of the raw materials are still observed in
both patterns. The peak intensity of BaCOs, CuO and Y.
0; of sample (b) is relatively lower than that of sample
(a).

Figure 6 shows powder XRD patterns of the sample
with (a) no addition and (b) 20 wt.% A g0 addition,
heat~treated at 900°C in air for 1 h. At this tempera-
ture, the amounts of the formed 123 phase of both sam-
ples are larger than those formed at 850°C. Small BaCO;
peak is still observed in the pattern of sample (a), while
no impurity peaks in the pattern of sample (b). This in-
dicates that the formation of the 123 phase in the sarm-
ple with Ag-0 addition was faster than in the sample
with no addition.

Figure 7 shows the variations of a volume fraction of
a 123 phase as a function of a reaction temperature
and time in an air atmosphere of the pyrophoric
synthetic powders with (a) no addition and (b) 20 wt.
9% Ag.0 addition. It can be seen in both powders that
the formation of the 123 phase is more sensitive to tem-
perature than time. At 850°C, the formation reaction of
a 123 phase was very slow, owing to the sluggish de-
composition of BaC04.® The volurae fraction of the 123
phase of sample (a), which were heat-treated at 850C
for 0.5 h, 1 h, 5 hand 10 h, are 56 %, 65 %, 80 % and
90 %, respectively. As the reaction time increased to
880°C, the formed amount of the 123 phase increases to
some extent but still slow. The volume fractions of the
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Fig. 5. Powder XRD patterns of the sample with (a) no addition
and (b) 20 wt.% Ag.O addition, heat-treated at 850T in air for
1h
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Fig. 6. Powder XRD patterns of the sample with (a) no addition
and (b) 20 wt.% Ag:O addition, heat-treated at 900 in air for
1 h
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Fig. 7. Variation of a volume fraction of a 123 phase as a func-
tion of reaction temperature and time of the pyrophoric
synthetic powder with {a) no addition and (b) 20 wt.% Ag,0.

123 phase for 1 h and 10 h are 83 % 986 %,
respectively. On the other hand, the formation of the
123 phase at 900°C is very fast. The volume fraction of
the 123 phase at 900C for 0.5 h, 1 h, 5 hand 10 h are
90 %, 97 %, 99.2 % and 99.9 %, respectively. This is
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due to the fact that the eutectic liguid phase forms
around 900°C** and then the liquid phase enhances the
mass transfer for the formation of the 123 phase. How-
ever, the formation kinetics of the 123 phase of this
study is rauch slower than that reported by Shieh et. al.’
8 Referring to their result, the citrated precursor pow-
der was completely converted to a 123 phase at the
very low temperature of 8690°C within 1 h. Unlike to the
air atmosphere of this study, their precursor powder
was heat treated in a helium atmosphere. The enhanced
123 formation of their study may be mainly due to the
fast oxygen diffusion in a helium atmosphere,®” be-
cause the number of oxygen vacancy in the 123 phase
in the inert atmosphere is larger than that in the air at-
mosphere.*’

On the other hand, it can be seen in Fig. 7 (b) that the
formation of a 123 phase in the precursor powder with
A g0 addition was faster than that of the powder with
no addition. At 850°C for 10 h, the formed amount of a
123 phase is 96.2 9% which is higher than 90% of the
powder with no addition at the same reaction time. The
volume fraction of the 123 phase at 880°C for 0.5 h, 1 h,
5hand 10 hare 832 %, 90.3 %, 97.4 % and 99.3 %,
respectively. At 9007, the formation of the 123 phase
is very fast. 95 % of the precursor powder was convert-
ed into a 123 phase within 0.5 h. These results indicate

gz AW Ai2F (1998)

that the formation of the 123 phase was accelerated by
addition of Ag.0 to the precursor powder. The metallic
Ag phase that was converted from Ag:0 during pyro-
phoric reaction seems to enhance the diffusion required
for the formation of the 123 phase.

4. Particle size of a 123 phase and Ag distribution

Figure 8 shows SEM microstructure of the fractured
surface of the samples prepared from the pyrophoric
synthetic powder with no addition and 20 wt.% Ag.0
addition. Samples (a) and (b) were calcined at 8807,
and {c) and (&) at 900°C for 5 hin an air atmosphere.
The volume fractions of the 123 phase of both samples
were larger than 85 %. The 123 particles of sample (a)
are as fine as submicrons in size while those of sample
{b) are as large as 23 microns and more anisotropic. At
9007, significant grain growth of a 123 phase are ob-
served. The particles of the sample with no addition are
2-3 microns in size but the particles of the sample with
20 wt.% Ag:O addition are 3-5 microns (Figs. 8 (¢)
and (d)).

Figure 9 shows the particle size distribution of the
sample calcined at 880°C for 60 h with repeated grind-
ings for every 20 h, using the pyrophoric synthetic pow-
der with (a) no addition and (b) 20 wt.% AgQO
addition. The mean diameters of samples (a) and (b)

80 °C for 0.5 h

T LN e

——

f 900 °C for 5 1 ]

Fig. 8. SEM microstructures of the fractured surfaces of the samples with no addition and 20 wt.% Ag addition prepared from t!
pyrophoric synthetic powders. Samples (a) and (b) were calcined at 880T, and (c) and (d) at 900°C for 5 h in an air atmosphere.
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Fig. 9. Particle size distribution of the samples calcined at 880
for 60 h in air with repeated grindings for every 20 h, using the
pyrophoric synthetic powder with (a) no addition and (b) 20 wt.
% Ag:0 addition.

Fig. 10. Optical microstructure of the polished surfaces of the
sample prepared from (a) mechanical mixed powder with Ag
addition and (b) pyrophoric synthetic powder with Ag.O
addition. The bright and the dark phases are metallic Ag and
pores, respectively.

are 3.6 microns and 4.6 microns, respectively. The large
123 particles in the sample with 20 wt.% A g.0 addition
is well consistent to other works that reported the en-
hancement of 123 grain growth in the 123-Ag.0 com-
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posite systems.** **

To understand the distribution of the metallic Ag
phase in the sintered samples, the 123-Ag composite
samples were made from two different precursor pow-
ders, the mechanically mixed powder with metallic Ag
and the pyrophoric synthetic powder with Ag)0
addition. The mean diameter of the Ag particles used in
the mechanically mixed powder was 5 microns. The Ag
powder was mixed with Y .0, BaCO; and CuO powders
by ball milling in a zirconia jar and balls for 10 h using
alcohol and then dried in air. Two precursor powders
were calcined at 880°C for 60 h, made into pellets, sin-
tered at 900°C for 10 h and then oxygenated at 500°C
for 40 hin flowing oxygen.

Figure 10 shows an optical microstructure of the pol-
ished surfaces of the sample prepared from {a) me-
chanical mixed powder with Ag addition and (b) pyro-
phoric synthetic powder with Ag.,O addition. It can be
seen in both samples that the metallic Ag particles (the
bright phases marked by arrows) are dispersed in the
123 matrix. Some of the pores are filled with metallic
Ag phase. The size of the Ag particles of sample (a) is
larger than its original size (5 microns), owing to the
significant grain growth of metallic Ag phase during
calcination and sintering. It should be noted that the
size of the A g particles of sample (b) is finer than that
of sample (a) and the distribution is more uniform,
although the large Ag particles are also observed. Fur-
thermore, the amount of the porosity of sample (b) is
relatively smaller than that of sample (a). This is due
to the fact that the Ag.0O particles used in sample (b)
were completely dissolved as an ionic form in a nitric
acid solution and then they precipitated homogeneously
in a fine particle form during heat treatment.

5. Superconducting properties

Figure 11 shows DC magnetization curves of the 123
samples with no addition and 20 wt. % Ag.0 addition
prepared from the pyrophoric synthetic powders. The
magnetization was measured for the powder samples
by a commercial SQUID (superconducting quantum in-
terference device) magnetometer (Quantum Design,
MPMS)}. The samples were calcined at 880C for 60 h,
sintered at 900°C for 10 h in air and then oxygenated at
5007C for 40 h in flowing oxygen. The onset tempera-
tures of the superconducting transition of the samples
with no addition and Ag.0 addition are 91.1 K and 91.2
K, respectively. The sample with no addition shows the
second transition near 60 K, which may be caused by
the insufficient oxygen diffusion in the sarmple. Com-
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Fig. 11. DC magnetization curves of the 123 samples with no
addition and 20 wt. % Ag.O addition prepared pyrophoric
synthetic powders. The samples were calcined at 880 for 60
h, sintered at 900TC for 10 h in air and then oxygenated at 500
T for 40 h in flowing oxygen.

2.5x10°% T T T T T T T
—o— Ag,O-doped 123

20xi0d o Undoped 123 ]
2 1saot
]
o
3
S 1 ono‘L
>

s.ox10}

0.0 L ", L .

L 1 s
70 80 90 100 10 120 130 140 150

Temperature (K)

Fig. 12. Voltage-temperature curves of the 123 samples with
no addition and 20 wt. % Ag.QO addition prepared pyrophoric
synthetic powders.
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Fig. 13. Voltage-current curves at 77 K of the 123 samples
with no addition and 20 wt. % Ag:0 addition prepared pyro-
phoric synthetic powders.

pared to that of the sample with no addition, the super-

gFAaEEA A8A A12& (1998)

conducting volume of the sample with Ag,0 addition is
relatively low, which is due to the presence of non-su-
perconducting Ag phase in the sample with AgO
addition.

Figure 12 shows voltage-temperature curves of the
above samples estimated by the four probe methods
using silver paste contacts. The zero-resistance temper-
atures of the 123 sample with no addition and with Ag.
O addition are 91 K and 90 K, respectively. The T. val-
ues are well consistent with the magnetization data of
Fig. 11.

Figure 13 shows the current-voltage curves at 77 K
of the 123 samples with no addition and 20 wt. % Ag.0
addition prepared using the pyrophoric synthetic pow-
ders. Critical currents (IJ) of the samples with no
addition and Ag;0 addition are 7.2 A and 89 A,
respectively. The J. values of the samples are 120 A/
crm?and 150 A /cm? respectively. The small increase in
J. of this study seems to be attributed to the enhanced
densification of 123 matrix and the fine dispersion of
Ag particles.

6. Conclusions

In this study, fine YBa,CusO,-, (123) and YBa.Cus
0;-,-Ag composite superconductors were fabricated by
pyrophoric synthetic method using malic acid and the
subsequent solid state reaction. The pyrophoric
synthetic powder has several beneficial points in fabri-
cation of the oxide superconductors. This process is cost
-effective, since the types of the raw materials are ox-
ides and carbonate forms of a cheap price. The use of
the fine precursor powder allows the formation of a 123
phase in a shorter reaction time, compared to the use of
a mechanically mixed powder using ball milling. The
Ag:0 addition accelerated both the formation and the
grain growth of the 123 phase via the enhanced mass
transfer. In addition, the metallic Ag particles were
more finely dispersed in the 123 matrix than those of
the sample sintered using the mechanically mixed pre-
cursor. Superconducting transition temperature of the
123 and the 123-A g composites were as high as 91 K.
Critical current density of the 123 sample with 20 wt.%
A g0 addition was higher than that of the 123 sample

with no addition.
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