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YBa,Cuz;0,_,/Sn (YBCO/Sn) composites containing 15-50 wt% Sn were prepared by
conventional powder metallurgy and pressureless liquid-phase sintering at 230°C. Tin was
found to wet YBCO, replace the porosity and distribute homogeneously among the YBCO
grains. No reaction occurred between the two phases. Hardness changes were consistent with
the observed microstructural features. Room-temperature compression tests revealed strains
higher than 2% at the maximum stress, and stress—strain curves typical of composite cermets.

1. Introduction

The brittle behaviour of ceramic superconductors is
one of the main disadvantages which restrict their
engineering applications. This drawback may be over-
come by incorporating a metallic phase within the
bulk superconductor, so as to benefit from the proper-
ties of the composite material. However, the metallic
component should be chemically, mechanically and
electrically compatible with the ceramic substance. In
this context, various techniques were used to fabricate
composites of YBa,Cu;0,_, (YBCO) with noble
metals such as silver [1-7] and gold [8, 9]. A few
works were also published, involving more common
metals such as tin [10, 11], aluminium and copper
alloys [3, 12].

In order to achieve ductility in the composite cer-
met, it should contain some volume fraction of metal
which, in turn, depends on the mutual wettability, and
metrological parameters of the two phases. The high
reactivity of YBCO led to investigations concerning
its chemical compatibility with various substances
[13-15]. It was shown that the superconducting tran-
sition temperature, T,, may be preserved at a rela-
tively high volume content (up to 10 mol %) of tin
oxide [15]. In addition, tin was found to be adherent
to YBCO [16].

The present work describes the microstructure and
mechanical properties of the YBCO/Sn cermets fabri-
cated by conventional powder metallurgy techniques.
The Part IT of this paper [17] will be concerned with
the electrical properties of these composites.

2. Experimental procedure

YBa,Cu;0, . was prepared in powder form by solid-
state reaction of highly pure Y,0;, BaCO; and CuO
powders, mixed in stoichiometric proportions. The
mixture was fired in air at 950°C for 24 h and then
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reground. This treatment was repeated twice, and the
product (which revealed only reflections of ortho-
rhombic YBa,Cu;0, _, in the X-ray diffraction spec-
trum) was mixed with appropriate proportions of the
high-purity tin powders to give compositions of 15, 20,
25, 30, 35, 40 and 50 wt% Sn. The metal/ceramic
powder mixtures were mechanically blended in an
agate mortar for 0.5 h, followed by cold-die com-
paction under 200 MPa pressure. The pressed discs,
17 mm diameter and 5 mm thick, were then sintered at
230°C for 1 h in air.

Specimens for optical and scanning electron (SEM,
JSM-840) microscopy were prepared by dry section-
ing and mechanical polishing of the composite speci-
mens down to 0.25 pm, using water-free diamond
slurry on nylon cloth. These specimens were used for
Vickers hardness tests under a 0.3 kg load for a
constant time of 10 s. The resulting indentations were
large relative to the geometrical scale of the multi-
phase composites.

X-ray diffraction spectra were obtained for the as-
sintered and as-cut surfaces, using a diffractometer
(PW-1820) with CukK, radiation, equipped with a
graphite monochromator and operated at 40 kV and
40 mA. The scanning speed was 0.25 degmin ™',

The compression tests were carried out on 4mm
x4 mmx4mm cubes, at room temperature using
an Instron machine (Model 1362) at a cross-head
velocity of S0 pymmin~! (strain rate 10”* s~1). The
top and bottom compressed surfaces of the cubes were
sparingly lubricated with a silicone grease prior to the
tests, in order to minimize the tangential frictional
forces.

3. Results
Typical SEM images from the ground YBCO and the
as-received tin powders are shown in Fig. 1. The
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Figure | Scanning electron micrographs of (a) as-ground YBCO
powder with irregular morphology, (b) as-received tin powder with
spherical morphology.

YBCO powder particles (Fig. 1a) were of irregular
shape compared with the spherical morphology of the
tin particles (Fig. 1b). Some agglomeration was also
noted in the YBCO powder. The particle-size distribu-
tion of both powders fell within the 1-20 um range.
The green compacts were of sufficient strength for
further handling.

X-ray diffraction spectra verified the orthorhombic
symmetry of the YBCO powder (Fig. 2a). The tin
powder was oxide-free (Fig. 2b).

Characteristic microstructures of the composite
samples sintered at 230 °C are shown in Fig. 3a—e. The
metallic phase consists mostly of isolated particles
{(bright), dispersed homogeneously among the ceramic
grains (grey). The grain-size distribution of both the
ceramic and metallic phases were similar to that of the
original powders. The regions adjacent to the tin
particles often appeared to be the densest. In addition,
visual inspection revealed a systematic decrease in
porosity as the tin content increased. The corrugated
surfaces of the tin particles at the YBCO/Sn interfaces
are evidence of their satisfactory wetting effect.

No reaction-product phases were detected at the
YBCO/Sn interfaces, even at a very high SEM magni-
fication (Fig. 4). Microchemical analyses by energy
dispersive spectroscopy (EDS) likewise failed to detect
traces of diffusive elements in adjacent grains of either
tin or YBCO.

X-ray diffraction spectra from samples with differ-
ent tin contents are shown in Fig. 5, the increase in tin
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Figure 2 X-ray diffraction spectra of (a} as-ground YBCO, x < 0.2,
powder with orthorhombic symmetry, (b) as-received tin (B-Sn)
powder free of any reflections of tin oxides.

being manifested in increase in the relative intensity of
its diffraction peaks. The orthorhombic phase was
preserved, and no new peaks were observed, indicat-
ing no reaction between the two phases. Very weak
diffraction peaks from tin monoxide (SnO) were ob-
served, corresponding to a few per cent (< 3wt %) of
this phase. These findings apply to all samples, irres-
pective of their tin content.

Quantitative density measurements showed a con-
tinuous decrease in true porosity as function of the tin
content (Fig. 6), in agreement with the microstructural
findings.

Results of the Vickers hardness tests as function of
the tin content are shown in Fig. 7, each data point
representing the average of ten indentations, and the
standard deviation reflecting the homogeneity of the
specimens.

Hardness is seen to. decrease with increasing tin
content. The indentation traces have sharp edges,
without collapse of the surrounding grains.

Stress—strain curves based on the compression tests
at room temperature are shown in Fig. 8. Several
features may be noted in these curves. First, unlike the
brittle-fracture behaviour of the pure YBCO ceramic,
all the curves resemble patterns of plastic deformation,
and although absolute values cannot be deduced, the
increase in elastic modulus with tin content is evident.
Secondly, there is a parallel significant improvement
in toughness (proportional to the area below the
curves); in this regard, the maximum compressive
strength increases systematically with tin content,
while the strain at maximum stress remains almost
unchanged up to 40% Sn (Fig. 9).

Finally, all cermet specimens retained some residual
strength after the maximum stress was reached. This



Figure 3 Optical micrographs of the YBa,Cu,0,_,/Sn composites, with different tin contents, showing homogeneous distribution of tin

(bright) among the ceramic grains (grey). The porosity
(c) 25wt %, (d) 30wt %, () 35wt% Sn.

residual strength increases with tin content as shown
in Fig. 10, and is a measure of the reinforcement effect
in the composite material.

In order to verify this mechanical behaviour of the
composite, some specimens were cyclically loaded—
unloaded beyond the maximum stress, as shown in
Fig. 11 for the YBCO/30% Sn specimen. The reversal
of the curve on reloading, close to the unloading point,
which indicates an apparent irreversible strain, is at-
tributable to formation and propagation of internal
microcracks (see also last paragraph in this section).

(black) decreases with tin content: (a)

15wt%, (b) 20wt%,

Fractography was performed in the SEM, and typi-
cal results are shown in Fig. 12. Fig. 12a shows the
macroscopic view and a fracture of the YBCO-35%
Sn compressed cube, composed of shear-type surfaces.
Most of the composite specimens failed in a similar
mode in the compression tests, irrespective of their tin
content. At higher magnifications, these fractures re-
veal brittle fracture of the YBCO grains (Fig. 12b) as
well as traces of plastic deformation in tin (Fig. 12c),
most probably caused by sliding of the adjacent
YBCO grains. This final piece of evidence may indi-
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Figure 4 SEM image of the YBa,Cu;O,_,/Sn interface at high
magnification, demonstrating the satisfactory wetting of the YBCO
surface by the tin. No detectable traces of diffusing elements were
observed by EDS on either side.
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Figure 5 X-ray diffraction spectra of the YBa,Cu,0,_,/Sn com-
posites with different tin contents, demonstrating the absence of
reaction. Some oxidation of tin during sintering was indicated by
the presence of tin oxide reflections: (a) Owt%, (b) 15wt%,
() 20wt %, (d) 25 wt %, (e) 30 wt % Sn.
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Figure 8 Characteristic compressive stress—strain curves of the
YBCO/Sn composites. Increase in the elastic moduli and maximum
stress with tin content was observed.

cate relatively strong bonding at the ceramic/metal
interfaces.

In addition, arrays of microcracks aligned perpendi-
cular to the shear directions were found to coalesce as
shown in Fig. 12d. These microcracks, which most
probably nucleate at the original porosities, contrib-
ute to the apparent irreversible strain, in addition to
the true plastic deformation and sliding in tin.
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Figure 9 Maximum compressive stress and its corresponding strain
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Figure 10 Residual compressive strength at 5% strain (beyond the
maximum stress) was determined as a measure for the reinforcement
effect as function of tin content.
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Figure 11 Loading—unloading cycles (beyond the maximum stress)
in the YBCO-30 wt % Sn specimen, exhibiting the “memory effect”
typical of composites.

4. Discussion

The fact that the green compacts have relatively good
structural integrity even at the lowest tin contents,
indicates that YBCO particles were “welded” by the
tin grains in a continuous manner. This effect was
undoubtedly facilitated by the mechanical mixing of
the two original powders, during which tin grains were
smeared on the YBCO grain surfaces.

The absence of chemical reaction at 230°C
is a consequence of the relatively low diffusion
coeflicient of tin in YBCO at this temperature
(~10" 't cm?s ™!, [18]). However, on the basis of the
observed microstructure, the porosities are replaced
by tin during the warm-temperature sintering, as a
result of flow of the liquid tin into them (this is also
consistent with the decrease in porosity with increas-
ing tin content, in the absence of sintering shrinkage as
a porosity-reducing factor). However, the low depth of
diffusion (~2 pm) suffices for chemical bonding be-
tween the two phases.

For the hardness and its variation with tin content,
we assumed that due to the hydrostatic pressure below
the indentor, the bulk modulus, K, would be the best
parameter on which the average hardness, H, of the
composite may be modelled. Accordingly, the maxi-
mal and minimal hardness values of the two-phase
composite were calculated, using the Voigt and Reuss
models for composites with parallel phases

Howo = VH +V,H, (Voigt) (1)
(Reuss) (2)

1/Hmin = Vi/Hl - Vz/Hz

and the modified Hashin—-Shtrikman model [19] for
randomiy distributed phases, for the present cermets,
where K, = 0.22G, (for tin [20]) and K, = 2G, (for
YBCO [21])

Hyow=H, + V]/[(I/Hl — H,) + (3V,/5H,)] (3)
Hupiw = Hy + Vy/l(1/Hy, — Hy) + (Vy/TH)] (4)

where G is the shear modulus, V; the volume fraction
of the i phase, and the subscripts 1 and 2 refer to tin
and YBCO, respectively.

The calculated hardness values are shown in Fig. 7.
The fit of the experimental data with the lower bound
of the Hashin—Shtrikman model, which represents the
exact solution for the spherical second-phase particles,
is in agreement with the round-shape morphology of
the tin particles.

Comparison of our data with those of Goyal et al.
[10] shows higher hardness values (over 60%) in the
present work, especially for low tin compositions.
Although no decrease in hardness was observed at low
tin contents, extrapolation to zero tin content indi-
cated a rapid drop in hardness due to the unsintered
nature of these compacts, a drop actually reported by
Goyal et al. at ~ 20wt % Sn. This effect is attribut-
able to the high volume fraction of the porosity associ-
ated with a low tin content, and independent of the
electrical percolation in the composite (see Fig. 2 in
Part II [17]). On the other hand, the composition at
which this drop is expected depends upon the metro-
logical parameters of the phases, and on the porosity
characteristics of the composite. The increase in elastic
moduli (Fig. 8) with the tin content clearly demon-
strates the role of the porosity in reducing the mechan-
ical response of these cermets.

Room-temperature deformation of YBCO speci-
mens under hydrostatic pressure and strain rate
10~*s™ ! [22], confirmed the brittle behaviour of this
material. At the same time, reinforcement of YBCO by
a metallic phase such as silver [23, 24] was shown to
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Figure 12 SEM fractographs of the YBCO-35% Sn composite. (a) Low-magnification image shows the macroscopic shear surfaces at an
angle to the compression direction (perpendicular to the micrograph). (b) Brittle fracture of YBCO, and (c) ductile fracture of tin.
(d) Coalescence of the microcracks perpendicular to the shear direction (arrow).

be feasible, resulting in strong bonding at the
ceramic/metal interfaces. The microstructural obser-
vations and fractography of the present specimens
confirmed wetting of YBCO by tin and revealed good
bonding at their interfaces. Consequently, cracks form
at stress concentrators such as the residual porosities
as well as at twin kinks [257. Still, the deformation is
irreversible due to the presence of the metallic ductile
phase. These characteristics are then responsible for
the shape of the stress—strain curves, which are typical
of composite cermets.

- Finally, as could be seen from the deformation tests,
strains above 2% were easily achieved at the max-
imum stress. Compared with the typical strain values
of 0.1%-0.5% measured for pure YBCO [26],
this indicates significantly higher ductility of the
YBCO/Sn cermets. Compression tests up to the
melting point of tin are under way to check the
feasibility for crack-free hot-working.
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