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Fabrication and characterization of
YBa,Cu;0,_,/Sn composite superconductors
Part It Sintering at high-temperature

R. CHAIM, Y. EZER

Department of Materials Engineering, Technion-israel institute of Technology, Haifa, 32000
{srael

YBa,Cu,;0,_,/Sn composites containing 5, 10, 15, and 20 wt% Sn were prepared by
conventiona! powder metallurgy and pressureless sintering at 950 °C, Sn caused degradation
of the ceramic superconductor by its chemical reaction with Ba, whose extent increased with
Sn content. Composites with between 5 and 10 wt% Sn preserved their superconducting
critical temperature, T, those with higher Sn content exhibited non-zero residual resistivity at
low temperatures. Room-temperature resistivity and its thermal coefficient also increased with

Sn content. The brittle behaviour of the compaosites is attributed to oxidation of Sn during

sintering.

T. Introduction

Bulk high-temperature ceramic superconductors for
engincering applications are best realized in the form
of ceramic/metal compostles (cermets) [1 6], Possible
advanlages of such composites are their improved
ductility and enhanced fracturc toughness, as well as
thermal stability with the metallic phase acting as a
local heal sink. In addition, the metallic phase pro-
vides an alternative path for electron conduction, an
important feature in the event of a local breakdown.

The microstructural aspects of the cermets and
eflects on their physical properties give rise to three
distinct morphologies: (a) an isolated ceramic phase
within a continuous metallic/polymeric matrix [1-3];
{(b) an isolated metallic phase within a conUnuous
ceramic matrix [4-67; and (c) the most promising
microstructure, with both the ceramic and the metallic
phases spatialiy conlinuous.

YBa,Cus 0, ,/Sn composites [abricated by pres-
sureless sintering at 230°C (Parts I and 1T [7, 87)
resulted in a microstructure of type a, due to an
absence of bonding between the superconductor
grains. Higher temperatures enhanced the sinterability
of the superconducting phase and resulted in type b
microsiructures.

This paper describes the microstructural evolution
at 950°C, and its effects on the mechanical and electri-
cal properties of the composites.

2. Experimental procedure

YBa,Cu,O,_, (YBCO) powder was prepared by a
solid-state reaction of high-purity Y,O;, BaCQO; and
CuQ powders, The preparation procedure is described
in detail in Part T [7]. The resulting product, which
contained cnly the orthorhombic phase, was mixed in
diflerent proportions with high-purity St powder (0, 5,
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10, 15, 20 wt% Sn). The mixtures were mechanically
mixed lor 30 min in air in an agatec mortar. Discs
17 mm in diameter and 5 mm thick were cold pressed
at 200 MPa, and simtered in air at 950°C for 2 h.

Optical (polarized light) and scanning electron
microscopy (SEM, JSM 840) combined with X-ray
energy-dispersive spectroscopy (EDS) were used for
microstructural and microchemical analvses. The
ceramographic specimens were prepared by dry sce-
tioning and mechanical polishing down to 0.25 um,
using an oil-based diamond spray on nvlon cloth.
These specimens were used later for Vickers hardness
tests, where a 0.3 kg load was applied for a 10s
duration.

Specimens 4 x 4 mm? in cross-section and 2 mm
thick were cut and used for compressive tests in air,
using an Instron machine (Model 1362) with cross-
head velocity 50 pm min ™"

X-ray diflraction (XRD} was used to characterize
the phase content, using a diffractometer (PW 1820)
with monochromatic CuK, radiation at 40kV and
40 mA, at a scanning speed of 0.25% min ',

Rectanguiar bars of 2x3x 15mm were dry cut
from the discs for electrical-resistivity mecasurcments.
A four-probe technique was applicd, with the set-up
shown in Fig. 1 of Part TF [&], using a 10 mA direct
current via a programmable current source (Keithley
model 224) and digital multimeter (Keithley modcl
196). The temperature was measured with 4
copper—constantan {type T) thermocouple.

3. Results

3.1. Microstructural characterization

The microstructure of the sintered specimens was
often macroscopically inhomogeneous, with a top
layer which was more porous than the rest of the
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Figure I Optical micrographs.of YBa,Cu,0,_,/Sn composites with different Sn contents, sintered at 950 °C for 2 h: (a) pure YBCO, the
internally twinned orthorhombic phase dissociates into the x-phase as well as into BaSnO, and CuO with an increase in Sn content (wt %);

(b) 5wt %; (c) 10 wt %; (d) 20 wt %.

specimen and which was 25% of the thickness. This
microstructure may be due to gravity segregation of
the Sn at elevated temperatures. For all measurements
the denser sections of the specimens were character-
ized after removal of this upper layer.

The multiphase nature of the various composite
specimens was confirmed under polarized light, as
shown in Fig. 1. The pure YBCO specimen exhibited
internally twinned grains—typical for the orthorhom-
bic phase (Fig. 1a) — as well as some porosity. In the 5
and 10 wt % Sn variants, additional phases were ob-
served (Figs 1b, ¢), differing in optical activity but with
the same degree of porosity. By contrast, the 15 and
20 wt % Sn variants were basically free of the super-
conducting phase, their distinct microstructure con-
sisted of large grains of a constituent designated as the
x-phase, whose formation was enhanced by an in-
crease of the Sn content and accompanied by higher
specimen porosity (Fig. 1d). The x-phase often had a
core of tin oxide (Fig. 2a) and was covered by a layer
of CuO (Fig. 2b), as was confirmed both by EDS
microanalysis and XRD. These findings indicate that
the x-phase may be the product of oxidation/reduc-
tion reactions between SnO, and YBCO. EDS com-
position analysis determined its average composition
as BaSn, ;Y. ,,CuO,. Barium stannate (BaSnO,) was
formed at the same time.
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XRD spectra for the various specimens are shown
in Fig. 3, from which decomposition of YBCO and
formation of the x-phase, BaSnO; and CuQ were
deduced. XRD results also indicated the presence of
BaCuO, (112 phase) as a minor constituent (less than
5 vol %) in specimens with Sn content above 10 wt %.
No metallic Sn survived these sintering heat treat-
ments.

3.2. Electrical properties

The variation of electrical resistivity of the various
specimens with temperature is shown in Fig. 4. Both
room-temperature and low-temperature (7' = 100 K)
resistivity increased by an order of magnitude at each
5 wt % Sn increment up to the 10 wt % level (Fig. 4a,
b, ¢). A similar trend was observed for the correspond-
ing temperature coefficients, o = dp/dT; see the cap-
tion to Fig. 4.

While the 5 and 10 wt% Sn variants preserved
their superconducting-transition temperature, 7, at
around 92 K, which is similar to that of pure YBCO,
those with higher Sn content exhibited a significant
drop in resistivity (albeit not to zero) near the original
transition temperature (Fig. 4d). The transition inter-
val, AT, widened from 2 K in pure YBCO to abou
14 K in the 15 wt % Sn specimen. '
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Figure 2 SEM  images of the SnO, core surrounded by
Yo.1,BaSn, s CuO, and CuO layers: (a) 5 wt % Sn, and (b) 20 wt %
Sn.

3.3. Mechanical properties

The dense regions of the 5 and 10 wt% Sn variants
and pure YBCO specimens were tested in compres-
sion. Typical stress—strain curves are shown in Fig. 5.
In contrast to the brittle behaviour of the pure com-
pound, the multiphase specimens exhibited some
residual strength after failure (Fig. 5) — a possible
indication that the x-phase has higher strength and
stiffness than YBCO, and exerts a toughening effect.
The increase.in average compressive strength with Sn
content (Fig. 6} is also compatible with a higher
strength of the x-phase, even though the increase in
the porosity -was not allowed for. No meaningful
changes in hardness were observed (Fig. 7).

4. Discussion
In Parts I and II [7, 8], carried out at 230°C, no
interaction occurred between the two components.
However, sintering around the 950 °C level is expected
to promote chemical reactions in the system. Linear
extrapolation of the diffusion-coefficient data of Sn in
YBCO [9], assuming no anomalies, yields a value of
approximately 2 x 1071 m?s~! for 950°C — a value
comparable to the approximate diffusion distance of
1200 um (far beyond the average YBCO-grain size)
and a possible explanation for the extensive reactions
observed between the metal, its oxides and YBCO.
Increase of the sintering temperature to 950 °C is
accompanied by rapid oxidation of the metallic Sn

pockets, both by atmospheric oxygen and by reduc-
tion of YBCO. At low Sn contents (5 and 10 wt %), the
scope of this reaction is limited and permits sintering
to take place without detriment to the 1-2-3 stoi-
chiometry of the YBCO phase. As the Sn content
increases, more “liquid pockets” become available in
the matrix, thus promoting decomposition of the
YBCO grains.

EDS microanalyses of the 5 wt% and 20 wt% Sn
specimens by SEM in conjunction with the XRD
results were used to characterize the reactions between
YBCO and Sn. Dissolution of oxygen in tin was
reported [10] to lower the surface tension, with an
attendant favourable effect on wettability. It appears
that Sn particles undergo oxidation when heated
above their melting point. Oxidation of Sn at the
boundaries of YBCO grains destabilizes the grains by
preferential dissolution of bafium in the reaction
product. The resulting BaSnO; phase is extremely
stable and was reported to form readily in other
similar systems [11]. In addition, reduction of the
YBCO grains by loss of oxygen to Sn at high temper-
atures was proved by X-ray photoelectron spectro-
scopy (XPS) [12] and is associated with formation of
CuO. The final product is the x-phase.

Alloying of YBCO with Sn [13-15] and SnO, [ 16,
17] indicated that the critical temperature, 7,, may
be preserved at low percentages of SnQ, (10 wt % Sn,
5 mol % SnQ,). The limited solubility of Sn in YBCO
is most probably due to its ionic radius (0.069 nm for
Sn**) [18], which makes it suitable as a substituent
ion for Cu?* (0.071 nm) [18] in YBCO. Nevertheless,
some investigations [11, 16] report precipitation of
the second phase at high temperatures.

The observed increase in electrical resistivity with
Sn content is associated with the electrically insulating
nature of the x-phase, as well as with the contribution
of the porosities. The corresponding increase in the
thermal coefficient, o, is compatible with formation of
non-conducting interfacial phases like CuO between
the YBCO grains.

The widening of the superconducting-transition in-
terval with increases in Sn content is in agreement
with resistivity measurements reported for substitu-
tion of Sn for Cu in DyBa,Cu;O,_, [11]. These
changes, together with the drop in T, become sub-
stantial only beyond 25vol% Sn, and further in-
creases in Sn content are expected to lead to semi-
conducting behaviour in the normal state.

As regards the mechanical properties, the anomal-
ous stress—strain behaviour and the increase in com-
pressive strength with Sn content are both attributable
to the multiphase microstructure, in which the com-
ponent phases exhibit different stiffness character-
istics.
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Figure 3 XRD spectra of YBa,Cu;0, _,/Sn composites with different Sn contents, showing the dissociation of YBCO and the formation of
BaSnO; and the x-phase.
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Figure 4 Electrical resistivity of YBa,Cu;O,_,/Sn multiphase specimens versus temperature: (a) pure YBCO, 2 =83x107* QmK™}
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