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Abstract

YBa,Cu;0,_; (123) ceramic superconductors and YBa,Cu;0,_s—Ag composite superconductors have been prepared
by the citrate method. Microstructural analyses have been done by X-ray diffractometry and optical ceramography. The
superconducting behavior has been studied by 4-probe dc resistivity in the 77 K—140 K temperature range. Silver percolation
in the ceramic matrix was studied by electrical resistivity measurements at room temperature; the percolation threshold was
found to be approximately 25 vol% (35.5 wt%) Ag. Specimens with silver addition showed improvement in the flexural
strength of the 123 compound. The main results show that the critical temperature does not depend on the silver content in
the composite specimens, and that approximately 3 wt% (1.8 vol%) Ag doping yields an optimized composite superconduc-

tor from the microstructural point of view, with platelet-like grain shapes.

PACS: 74.72.Bk; 74.62.Bf
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1. Introduction

Since the discovery of high-T, superconductors
[1] many attempts have been made to improve their
properties and to overcome the intrinsic limitations
of such materials for potential applications. To en-
hance the mechanical and electromagnetic properties,
several processing methods, like melt texture growth
and chemical methods have been used [2,3). For the
same reasons the addition of different elements sub-
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stitutionally or substances as second phase in the
superconductor matrix has also been extensively
studied [4,5,6].

The citrate route has been reported as a simple
and efficient method for producing a high quality
YBa,Cu;0,_; (123) superconductor with better ho-
mogeneity and very fine grain size than can be
achieved by solid state reaction [7,8].

The inertness and stability of silver implies no
significant reaction with or degradation of the 123
superconducting properties. That metal has been
pointed out as a suitable additive in the 123 matrix.
Silver addition to the 123 compound is also responsi-
bie for several improvements in the superconductor’s
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electrical, mechanical and structural properties. It has
been found that silver addition improves mechanical
properties (like strength and fracture toughness)
[9,10], enhances the critical current density [11,12],
reduces the normal state resistivity and improves the
resistance to water [13,14].

Effective media and percolation theories can be
used for predicting physical properties, such as elec-
trical resistivity, thermal conductivity and magnetic
susceptibility of composite media. A general effec-
tive medium (GEM) equation for composite resistiv-
ity was proposed by McLachlan [15]:
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where: py, py and p, are the composite resistivity,
the resistivity of the high-resistivity phase and the
resistivity of the low-resistivity phase, respectively; ¢
is a percolation critical exponent; f and f, are the
volume fraction and the critical (percolation) volume
fraction of the low-resistivity phase, respectively,
and A=(1-£)/f.

An important feature concerning the GEM equa-
tion is its validity for composites with finite electri-
cal resistivity (conductivity) components in the full
range of composition, with any spatial distribution of
phases. The classical percolation theory, on the other
hand, is valid only near the percolation threshold for
a mixture of perfect conductors/insulators, and the
effective-medium Bruggeman’s equations (symmet-
ric and assymmetric) require a spatial distribution of
special phases [15].

In this work the citrate method for the preparation
of the superconductor composite YBa,Cu,0,_;—p
wt% Ag (hereafter named 123-Ag) with 0 < p <50
(0 to 37.7 vol%), its characterization by X-ray
diffractometry, optical microscopy with polarized
light and four-probe electrical measurements are de-
scribed. A model for the Ag percolation in the 123
matrix using the GEM equation is also described.

2. Experimental

Samples with nominal silver concentration vary-
ing from 0 to 50 wt% (0 to 37.7 vol%) were
prepared by the citrate method [16]. The starting
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Fig. 1. Experimental sequence followed for preparing
YBa,Cu;0;_ ;—Ag composites by the citrate method.

900°C/12h, 0,

materials were metal nitrates: Y(NO,), (78%),
Ba(NO,), (P.A.)), Cu(NO,;), (P.A) and AgNO,
(P.A.). Yttrium, barium, copper and silver nitrates
were dissolved in distilled water, added together in
the desired stoichiometry and mixed under heating at
60°C. Citric acid and ethylene glycol were then
added for further heating in 100°C-140°C tempera-
ture baths. After approximately 5 hours a resin is
obtained. Its calcination at 900°C for 12 hours in
oxygen at atmospheric pressure yields superconduct-
ing powders. The resulting powder was ground in an
agate mortar and uniaxially pressed at 100 MPa into
12 mm diameter and 2 mm thickness pellets. These
pellets were sintered in the same calcination condi-
tions. Fig. 1 shows the experimental sequence fol-
lowed for the preparation of YBa,Cu,0,_s;—Ag
composites by the citrate method.

The relative concentration of silver has been de-
termined by wavelength dispersion X-ray fluores-
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cence spectrometry analyses in a Rigaku Denki model
3063P spectrometer. X-ray diffraction spectra of
powders with different silver concentrations have
been obtained at room temperature using a Philips
diffractometer (PW3710) with Cu Ko radiation.
Samples were polished with 15, 6, 3 and 1 pm
diamond pastes for observation in an Olympus mi-
croscope (AHMT3) with reflected polarized light.

Electrical measurements were carried out by the
four-probe dc method with a Hewlett Packard 4328A
milliohmeter. Specimen contacts were made with
silver paint. Measurements were performed in the 77
K-140 K temperature range with 1.5 mA injected
current. The sample temperature was measured with
a type T thermocouple attached to the specimen. To
study the silver percolation in the 123 matrix, electri-
cal measurements were done by the four-probe dc
method at room temperature.

Flexural strength of parallelepiped bars (4.7 X 7.7
X 57.8 mm®), cold pressed at 100 MPa and sintered
in the same conditions mentioned above for pellets
was measured in a three-point bending mode with a
support span of 25.4 mm and a crosshead speed of
0.1 mm/min in an Instron (model 1125) testing
system.

3. Results and discussion

The X-ray diffractograms of YBa,Cu;0,_; pow-
ders without silver addition and with 3, 10 and 50
wt% (1.8, 6.3 and 37.7 vol%) silver are shown in
Fig. 2, from top to bottom, respectively. All speci-
mens show the diffraction lines corresponding to the
orthorhombic superconducting phase. The diffraction
lines belonging to specimens prepared with silver
show the main diffraction lines of silver (20 =
38.12/44.28 /64.43 /77.48).

Table 1 shows values of silver concentrations (as
added in solution and as determined by X-ray fluo-
rescence analysis). The largest differences are in the
low added concentrations, probably due to the diffi-
culty in collecting small amounts from the solution
of silver nitrate in water. Hereafter the quoted
amounts of Ag in the specimens will be the added
values, i.e., 0, 3, 5, 10, 20, 30, 40 and 50 wt%.

Fig. 3 shows optical micrographs of four samples:
YBa,Cu;0,_; and YBa,Cu;0,_; with 3, 10 and
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Fig. 2. XRD patterns of YBa,Cu;0;_5p wit% (vol%) Ag for
p=0(0), 3 (1.8), 10 (6.3) and 50 (37.7); the main diffraction
lines of the orthorhombic superconducting phase are marked as o.

50 wt% (1.8, 6.3 and 37.7 vol%) Ag. A special
feature is observed in the micrograph of the 3 wt%
(1.8 vol%) Ag specimen: platelets (roughly 24 X 4
wm?) are formed. Silver concentrations higher than
the solubility limit of that element in 123 supercon-
ductors may cause the degradation of the platelet-like
morphology. These platelets could act as paths for
charge carriers in the superconducting state.

Silver electrodes have been applied to the parallel
surfaces of the pellets in a four contact configura-
tions (see insert in Fig. 4) for 4-probe resistance
measurements. In Fig. 4 resistance measurements for
eight specimens are shown: 123-p wt% Ag for p =0,
3, 5, 10, 20, 30, 40 and 50 (0, 1.8, 3.1, 6.3, 13.2,
20.6, 28.8 and 37.7 vol%).

Table |

Nominal and X-ray fluorescence measured values of silver rela-
tive concentrations in 123-p wt% Ag specimens ( p =0, 3, 5, 10,
20, 30 and 50)

Nominal Measured
Ag content Ag content
wi% wit% (vol%)
0 <0.05(<0.03)
3 3.740.1(2340.1)
S 7.040.1 (4.440.1)
10 8.0+0.1(5.040.1)
20 18.84+0.6(12.34£0.4)
30 26.5+0.1 (17.9+0.1)
40 34.940.5(24.5+0.3)
50 41.9+0.7 (30.4+0.4)
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Fig. 4. Electrical resistivity curves for YBa,Cu,0,_ 5-p wi% (vol%) Ag composites for p = 0 (0), 3 (1.8), 5 (3.1), 10 (6.3), 20 (13.2), 30
(20.6), 40 (28.8) and 50 (37.7).
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Fig. 5. Electrical resistivity curves for YBa,Cu;0;_ 5-p wt% (vol%) Ag composites for p = 0(0), 3 (1.8), 10 (6.3) and 50 (37.7).

The resistance values have been normalized to the
value measured at 140 K. For the sake of clarity only
four sets of resistance values are shown in Fig. 5 (the
same as in Fig. 3).

Several conclusions can be drawn from Figs. 4
and 5: the higher the amount of silver is, the more
prominent is the metallic behavior of the specimens;
the mid-point critical temperature, i.e., the tempera-
ture at which the derivative of the normalized resis-
tance to the temperature reaches a maximum, is the
same irrespective of the silver content in the speci-
mens (moreover, magnetic susceptibility measure-
ments showed the same critical temperature for those
specimens); the increase in the metallic behavior as a
function of silver content shows a discontinuity for
the 3 wt% (1.8 vol%) Ag specimen.

A fit of the experimental data to the GEM equa-
tion was performed minimizing the parameter 8 given
by
s=[x/(N-P)]"",
where N is the number of experimental points, P is
the number of variable parameters and y is given by

X2 = Z [( PrT — PEXP)/‘TEXP]Z'
N

prr Wwas obtained by GEM equation with the XRF
measured silver volume fraction, ppy, was obtained

by the four-probe dc method and oy, was calcu-
lated by the experimental errors of the electrical
resistivity and the silver concentration.

The silver resistivity used in the GEM equation
was determined by the four-probe dc method using a
silver pellet with the same dimensions of the 123-Ag
pellets used for electrical resistivity measurements.
All electrical resistivity values were normalized to
the 123 electrical resistivity obtained by the four-
probe measurements. The silver volume fraction was
obtained from an X-ray fluorescence quantitative
analysis.
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Fig. 6. Normalized electrical resistivity for the YBa,Cu;0,_;-Ag
composite as a function of Ag volume fraction at 300 K. The
continuous line was obtzined from the GEM equation fitting.
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Fig. 7. Normalized flexural strength values for YBa,Cu,0,_4p
wt% (vol%) Ag for p=0(0), 3 (1.8) and 10 (6.3).

Fig. 6 shows a good agreement between the ex-
perimental data and the GEM equation with the
fitted parameters. The silver content, 27 + 2 vol%
(38 + 3 wt%), for the percolation threshold is at-
tributed to the bad electrical connectivity between
neighboring grains in the composite caused by the
presence of pores and resistive phases such as
Y, BaCuO;.

Flexural strength measurements show the en-
hancement of 123 flexural strength by the addition of
silver (Fig. 7). Improvements of the mechanical
properties of 123 by the addition of silver are be-
lieved to be related to pinning of cracks by silver
particles [9]. The 123-10 wt% (6.3 vol%) Ag speci-
men showed about a two-fold increase with respect
to pure 123, and the 3 wt% (1.8 vol%) Ag specimen
has the highest flexural strength.

4, Conclusions

YBa,Cu,0,_s—Ag superconducting composites
have been prepared by the citrate route. The mid-
point critical temperature was not affected by silver
addition in the 0-50 wt% (0-37.7 vol%) composi-
tion range. The metallic behavior above T, in the
resistivity curves is increased by the silver addition.
The sharpness of the transitions of the resistivity as a
function of absolute temperature was smoothed only
above the percolation threshold, for the 50 wt%
(37.7 vol%) Ag specimen. Specimens with 3 wt%
(1.8 vol%) Ag showed platelet-type morphology not
found in any other specimens, relatively higher flex-

ural strength and low normal state resistivity. Grain
growth in the 123-3 wt% (1.8 vol%) Ag specimen
probably causes a decrease in weak links between
adjacent grains by reducing the grain boundary den-
sity. This is probably the nominal silver saturation
concentration to reach the limit of the intragranular
solid solubility in the YBa,Cu,0,_; ceramic super-
conductors [13].
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