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Superplastic behaviour of YBa,Cu;0, ,/Ag

superconductors
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High-temperature deformation characteristics of YBa,Cu;0, _, oxide (YBCO) and
YBa,Cu;0, _, /Ag composite (YBCO/Ag) in uniaxial compression have been investigated.
A compression test was carried out at temperatures from 780-930°C at initial strain rates
between 10~%and 10 ~*s ~'. YBCO/Ag composites with fine, dense and equiaxed grains were
compressed over 120 % with no indication of failure at higher temperatures, and the
strain-rate sensitivity exponent,m, was found to be about 0.42-0.46 between 890 and 930 °C.
They are considered to be one indication of superplasticity. The activation energy for
deformation was 500-580 KJ mol~". The specimens suffered grain growth slightly during
the deformation at 930 °C and the majority of growth might be a function of exposure time,
temperature and silver content, but each grain maintained the equiaxed shape after
extensive superplastic deformation. This is consistent with a grain-boundary sliding
mechanism. The silver at grain boundaries acts to decrease the activation energy for
deformation and promote the grain—boundary sliding.

1. Introduction

Since the discovery of new high T oxide supercon-
ducting compounds such as YBa,Cu;O-_, (YBCO)
a large number of varying research reports on their
practical application has appeared. However, oxide
superconductors, ceramic materials, are mechanically
hard and brittle [1] and do not allow materials to
deform plastically without fracturing at ambient tem-
perature, Therefore, in order to fabricate these mater-
ials in a usable form, such as wire or thin film, the
improvement of formability is requested.

Recently, a number of ceramic materials have been
found to demonstrate superplastic behaviour with
careful microstructural control [2—4]. Following the
study of superplasticity in engineering ceramics, there
has been increased interest in the superplasticity of
YBCO superconductors. Reyes—Morel et al. [5-8]
reported a compressive deformation behaviour of
YBCO oxide superconductors in the temperature
range 750--980 °C and other investigators [9, 10] also
observed large plastic deformation by the compres-
sion test in similar temperature ranges. In particular,
Yun et al. observed the superplastic behaviour in
YBCO oxide or YBCO/Ag composite. Kaibyshev et
al. [12] reported dynamic recrystallization during hot
deformation of YBCQO superconductors which preced-
ed superplasticity in the temperature range
900-950 °C at strain rate of 10™*s™!. Hendrix et al.
[13] observed a regime of superplastic deformation
between 850 and 950°C at strain rates from
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1075-10"* s~ ! in fine-grained monolithic YBCO, and
grain growth of YBCO grains during deformation at
slower strain rates, but the composite material with
20 vol % Ag showed no evidence of superplasticity
due to the large, rectangular YBCO grains. However,
because silver is a ductile metal and may enhance the
mechanical and superconducting properties [15] in
YBCO superconductor, silver in YBCO grain bound-
aries will be beneficial to high-temperature deforma-
tion behaviour if the microstructure of YBCO/Ag
composite is controlled carefully.

In this study, uniaxial compressive deformation
properties of YBCO oxide and YBCO/Ag composite
have been investigated at temperatures ranging from
780-930°C. The flow behaviour and microstructure
of these composites were analysed from a superplasti-
cal point of view. In particular, the effect of silver
addition on the hot deformation of YBCO was also
studied.

2. Experimental procedure

Fine and homogeneous YBCO powder was
synthesized by the metal-alkoxide method. As
a starting material, reagent grade Y(NO;);5H,0,
Ba(NO;), and Cu(CH;COO),H,O powders were
weighed to the stoichiometric composition of YBCO
and dissolved with CH.(CH,),CH,OH(1-butanol).
The solution was heated and stirred continuously on
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Figure 1 (a) Scanning electron micrograph, (b) XRD pattern and
(c) EDS analysis of YBa,Cu;O,_, powders prepared by the
metal-alkoxide method.

a hotplate around 70°C for 48 h. Resulting powders
were then calcined at 810°C for 10 h, and ground for
Sh

Fig. 1a shows a scanning electron micrograph of
YBCO powder prepared by the metal-alkoxide
method. The oxide powders consisted of spherical and
uniform particles which averaged 0.5 pm in size. Also
X-ray diffraction (XRD) and electron dispersive spec-
troscopy (EDS) analyses are shown in Fig.1b and c.
The results revealed that YBCO single phase was well
crystallized.

Specimens for the deformation study were prepared
by pressing YBCO powders into a cylindrical die to
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Figure 2 The true stress—true strain curves of YBa,Cu,O,_,/
25 wt % Ag composite at various initial strain rates below 840 °C.

a pressure of 300 MPa, and then the pellets were
sintered for 48 h at 925°C in a flowing oxygen atmo-
sphere. The pellets were about 5 mm diameter and
9 mm long.

The grains were equiaxed in shape and averaged
1.5 um in size. YBCO/Ag composite specimens mixed
with 5-25 wt % Ag were prepared by the sintering
method of the pure YBCO specimen described above.
The grains of composite specimens were 1.6—1.8 um in
size, which was slightly coarser than that of pure
YBCO oxide specimen. The density of the composite
specimens was about 90 %.

Compression tests were performed at constant
crosshead speed by using an Instron type testing ma-
chine in air at test temperatures from 780-930°C at
initial strain rate ranging from 74x10°-
1.0x107*s™ . A ceramic chip made of Al,Oj -+
ZrO, was used as a separator which prevented reac-
tions between the specimen and SiC rod.

Also, in order to investigate the static and dynamic
grain-growth behaviour, the samples unloaded for
static grain growth were placed beside the samples
loaded for deformation in the furnace during the com-
pression test. Microstructures of as-sintered and
deformed specimens were examined by optical micro-
scope, SEM, energy dispersive analysis of X-ray
(EDX) and TEM to determine grain size, shape and
grain-boundary phase.

3. Results and discussion

3.1. Mechanical properties

Typical deformation curves for YBCO/25 wt % Ag
composites obtained at various initial strain rates and
at different temperatures are shown in Fig. 2.

As shown in Fig. 2, at the temperatures below
840 °C, flow stress always decreased with strain after
the maximum stress, which was reached at a true
strain of 6-8 %. These specimens were deformed plas-
tically less than 50 %, and then fractured, ie. the
decrease of flow stress with increasing strain after
maximum stress was caused by the formation of
cracks and cavities. These were clearly observed by
optical microscopy. In this deformation condition, at
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Figure 3 The true stress—true strain curves of YBa,Cu;O,_,/
5wt% Ag composite. (1) 890°C, 5x107°s™1; (2) 890°C,
25x1073s7% (3) 910°C, 5x 1075871 (4) 910°C, 2.5x 1075574,
(5) 930°C, 5x 107557 (6) 930°C, 2.5x 107 %5~ L.
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Figure 4 The true stress—true strain curves at 910°C and 2.5 x
1075 s~ for the specimens containing (1) 5, (2) 10 and (3) 25 wt %
Ag.

strain rates from 107°-107° s~ !, superplastic behav-
iour did not appear. This result is partially consistent
with the data reported by Hendrix et al. [13].

At higher temperatures, over 890°C, true
stress—true strain curves of YBCO/5 wt % Ag com-
posites at initial strain rates between 2.5x107°
and 5.0x107°s~! are as shown in Fig. 3, and the
shape of all the curves reveals quite a difference from
that of Fig. 2. No yield drop is observed. The speci-
mens containing 5 wt % Ag were well deformed up to
110 % with no indication of cracking although in
curves 4-6 in Fig. 3, the strain was only 65-90% due
to the tests being interrupted by an electric power
failure. The influence of temperature on the deforma-
tion curve shape is obvious. The flow stress slowly
increases with strain. This effect may be due to the
increase in true strain rate as the specimen length
decreases. It was also observed that the flow stress for
deformation decreased with decreasing strain rate and
increasing temperature.

The variation of flow stress as a function of silver
content is shown in Fig. 4. The flow stress for deforma-
tion decreased with increasing silver content, and true
strain reached to more than 120% without the
formation of a crack, while, as shown in the later

100

Flow stress (MPa)
=

: . &)

] + 5

i ]

1 T T T 1 1T 1T 111 I T T T T T b7
1.0x 107 1.0x10™ 1.0x 107

Strain rates (s™)

Figure 5 Flow stress plotted against rate at 890°C for the
specimens containing (+) 5, () 10 and () 25wt% Ag, for
m =042, 0.44 and 0.46, respectively.

micrographs, silver is found to reside in the voids and
along the grain boundary of the YBCO grain. An
carlier report showed that the silver accommodated
strain between the grains of YBCO [13], and thus, the
above continuous deformation without fracturing in
composites could have occurred by the silver phase
residing along grain boundaries.

The relationship between stress and strain rate is
shown in Fig. 5. A logarithmic plot was made of the
flow stress versus strain rate. The strain rate of a poly-
crystalline material is generally expressed by the Ar-
rhenius relation

¢ = Ao"exp( —Q/RT) (1)

where, € is the strain rate, 4 is the proportional con-
stant, n is the stress exponent, Q is the apparent
activation energy and RT has its usual meaning. The
strain-rate sensitivity exponent, m, which is the recip-
rocal of the stress exponent, can be determined from
the slope of the In ¢ versus Iné curves in Fig. 5. The
values of m in the specimens containing 5, 10 and
25 wt % Agare 0.42, 0.44 and 0.46, respectively, which
also correspond to a stress exponent value of
2.17-2.38. This result is consistent with the value of
1-3 for most superplastic ceramics [16]. These values
are higher than those of 1.0-1.25 for a creep study of
YBCO reported by Goretta et al. [7], Stumberg et al.
(n = 1.0) [8], Kang [10] and Reyes-Morel et al. [5]
(n = 1.25) , but coincide well with the value for super-
plastic deformation reported by Yun ef al. [117.

Therefore, the deformation behaviour observed in
this study is considered to be a superplasticity. This is
also consistent with the later TEM results which indi-
cate that no cracks and cavities at grain triple points
have been observed. A typical photograph of a super-
plastically deformed specimen with 126% deforma-
tion is presented in Fig. 6.

The density of the deformed specimen was increased
to 92 % due to compressive deformation and slight
densification of the specimen occurred.
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Figure 6 Typical photographs of the deformed YBa,Cuz;O-../
10 wt % Ag composite; (a) undeformed and (b) deformed 126 % at
910°C and 2.5x 107 % s~ 1.
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Figure 7 The true stress—true strain curves of YBa,Cu; O, oxide.
(1) 890°C, 5x107%s7% (2) 890°C, 2.5x107°s™%; (3) 910°C,
5x107 5574 (4) 930°C, 1.0x 1074571 (5) 910°C, 1.0x 107551,
(6) 930°C, 2.5x 1073571,
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Figure 8§ Temperature dependence of the strain rate for (0) YBCO
and ( +, *, A) YBCO/Ag composites; at 580 (7 MPa), 540, 520 and
500 (3 MPa) kI mol ™, respectively. ( + ) 5 wt % Ag, () 10 wt % Ag,
(A) 25 Wt % Ag.

Meanwhile, in the pure YBCO oxide specimen with
fine-equiaxed grains, the true stress-true strain curves
between 890 and 930°C at initial strain rates from
1.0% 107°-1.0 x 10~ * s~ were also similar to those of
YBCO/Ag composites, as shown in Fig.7.
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Figure 9 Polarized optical micrographs of YBCO/5wt% Ag
composite: (a) as-sintered, and (b) deformed at 910°C and
50x107%s7 1L,

The flow stresses were higher in pure YBCO than
the YBCO/Ag composite at comparable strain rates
and temperatures. The specimens were deformed up to
70 % strain at 890 °C, but were also well compressed
up to 110% strain at 930°C and 2.5x 107> s~ *. The
value of m in YBCO compound was 0.38, correspond-
ing to a stress exponent value of 2.63. This is slightly
lower than that of YBCO/Ag composite. This value is
also within the range of superplasticity, and is consis-
tent with other values reported [12, 13] for pure
YBCO compound.

Fig. 8 shows the relationship between strain rate and
reciprocal temperature (log scale) calculated from the
previous true stress—true strain rate curves. The ap-
parent activation energy calculated from Fig. 8 and
Equation 1 was 500-580 k) mol ™!, That is, a greater
addition of silver yields a decrease in activation energy
for superplastic deformation. This result indicates that
silver at the grain boundaries of YBCO grains not
only improves the ductility of the composite, but also
enhances the grain-boundary sliding. Kramer and
Arrasmith [17] also found that the addition of
a ductile second phase such as silver is necessary to
enhance grain-boundary sliding. These values did not
coincide with those reported by Reyes-Morel et al.
and other workers [5-8], who studied the creep work
of YBCO compound with coarse grains. We suppose
that the deviation of the value of n and Q may result
from the deviation of samples and testing conditions.



Figure 10 Polarized optical micrographs of YBCO/25wt% Ag
composite: (a) as-sintered, (b) deformed at 910 °C and (c) at 930°C.

3.2. Microstructural observation
Microstructural observation was conducted on the
specimens in order to characterize the structural
evolution before and after the deformation.

Fig. 9 shows a polarized optical micrograph of
YBCO/5wt% Ag specimen deformed with
50x107° s ! strain rate at 910°C. No significant
changes of the grain size and grain shape were ob-
served in both the as-sintered and deformed samples.
Their grain sizes were about 1.8 um on average. How-
ever, grain growth was found to occur with increasing
silver content and temperature, as shown in Fig. 10.

Figure 11 Transmission electron micrograph of YBCO/5 wt % Ag
composite deformed at 930°C.
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Figure 12 Variation in grain size with deformation time at 930°C,
for YBCO with (W) 25% Ag, annealed, ((J) 25% Ag, deformed, and
for YBCO (A) annealed, (X) deformed.

In particular, for the composite containing 25 wt %
Ag deformed at 930 °C for 2.7 x 10* s, grain growth with
deformation time was clearly observed, but most grains
also still remained equiaxed after large deformation.

A transmission electron micrograph of a superplasti-
cally deformed YBCO/Ag composite sample is shown
in Fig. 11, in which the equiaxed-grain shape after
deformation can be observed. This is also consistent
with a grain-boundary sliding mechanism and the
grain boundaries were very clean, except for the exist-
ence of discrete silver phase along them. Wakai et al.
[18] and Nieh and Wadworth [19] reported that the
static and dynamic grain growth took place during
superplastic deformation in Y-TZP.
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Figure 13 Transmission electron micrographs and
diffraction patterns of YBCO/5 wt % Ag composite deformed at
930°C and 5.0 x 107 % s~ !: (a) bright-field image, (b) lattice image in
the region indicated by the black circle in (a) showing no glassy
phase, and (c) electron diffraction patterns from the area of the white
circle in (b).

Fig. 12 shows our results for both the static and
dynamic grain growth of the YBCO and YBCO/Ag
composite samples deformed at 930°C. The
grain-growth rate of YBCO/Ag composites is faster
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than that of YBCO samples, suggesting that the
presence of silver enhances the grain growth of YBCO
grains. The grain-growth rate slows down as
deformation time increases and grain growth is very
sluggish, despite the fact that the growth is slightly
enhanced by the deformation. Therefore, we think that
the majority of grain growth may be a function of the
time of exposure, temperature and silver content.
Furthermore, the dynamic and static grain growth of
both YBCO and YBCO/Ag composites containing
a small amount of silver was not observed until the
temperature reached over 910°C.

Yun et al. [14] reported that neither static nor
dynamic grain growth occurred in fine-grained YBCO
during the deformation process in the temperature
range 775-850°C and at strain rates of
1.0x 107°-5x 10" * s 1. We are presently investigat-
ing the quantity of both static and dynamic grain
growth in these samples, as separate parameters. Sim-
ilar results have been observed by Tuan and Wu [20],
who studied microstructural evolution during
sintering in YBCO and YBCO/Ag composites and
found that grain growth was -enhanced at the begin-
ning of sintering at 930°C. Meanwhile, the silver
phase was discretely distributed along the grain
boundaries as shown in Figs 9 and 10. It was reported
that the addition of silver to YBCO oxide supercon-
ductor enhanced the intercoupling between YBCO
grains [21], resulting in the growth of YBCO grains.
Therefore, it is possible to point out that the grain
growth of YBCO/Ag composites may be related to the
silver phase distributed along grain boundaries. It
suggests that this was also consistent with the reduc-
tion of activation energy for the superplastic deforma-
tion of the samples due to the increment of silver
addition. Wakai et al. [2] reported that in the super-
plastic deformation of Y-TZP, the predominant de-
formation mechanism is grain-boundary sliding, and
grain growth is essentially controlled by the
grain-boundary diffusion. Meanwhile, some workers
[22] reported that most ceramics contain
grain-boundary glassy phases which can enhance
grain-boundary sliding mobility, although Nieh and
Wadworth [22] indicated that there was no evidence
for the presence of glassy phases at grain boundaries
in Y=TZP. This study on the high-temperature defor-
mation of YBCO/Ag composite materials shows that
silver phase acts to facilitate the grain-boundary
sliding, as does the grain-boundary glassy phase in
superplastic ceramics, because the grain boundaries of
the deformed specimen were very clean and no
grain-boundary glassy phase was observed, as shown
in Fig. 13.

4. Conclusion

A compression test was performed on YBa,Cu,0O,_,
oxide and YBa,Cu;0-_,/Ag composite materials to
investigate their superplastic behaviour. The
composite material showed no superplastic behaviour
at temperatures below 840 °C, although it could be
deformed up to the strain of 50 %. However, at higher
temperatures over 890°C, the composite materials



were well deformed with the high strain-rate sensitiv-
ity of about 0.42-0.46. This indicates that the defor-
mation behaviour is considered to be a superplasticity.
The activation energy [for deformation was
500-580 kJ mol !, which decreased as the silver con-
tent increased. Slight grain growth occurred, the ma-
jority of which might be a function of exposure time,
temperature and silver content, but the grains still
maintained an equiaxed structure after extensive
superplastic deformation. This is consistent with
a mechanism of grain-boundary sliding. Microstruc-
tural observation shows that the grain boundaries are
very clean, except for the silver phase, and that there is
no evidence of grain-boundary cavitation at grain
triple points. Thus, silver phase at grain boundaries
acts to decrease the activation energy for deformation
and facilitates the grain-boundary sliding.
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