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High-temperature compression tests were performed in air for YBa2Cu307_ x polycrystals with 
grain sizes of 3 and 7 ~tm at various strain rates between 1.3 x 10 -5 and 4 x 10 -4 s -1 and at 
temperatures between 11 36 and 1 253 K. Steady state deformation appeared above 1203 K for 
both samples. A stress exponent of 1.3 and an activation energy of 150 kJ mol-1 were 
evaluated. The compression tests and microstructural observations revealed that there was a 
difference in deformation mechanism above and below 1203 K. The dominant mechanism was 
diffusional creep associated with grain-boundary sliding above 1203 K, and dislocation glide 
accompanied with grain-boundary sliding below 1203 K. The growth of anisotropic grains and 
their preferred arrangement were enhanced by deformation. 

1. I n t r o d u c t i o n  
Recently, it has been found that the development of 
strong texture in a YBa2Cu30 7_:, polycrystal can be 
achieved by plastic deformation at high temperature 
[1]. The strongly textured polycrystal is expected to 
reduce the weak-link problem in grain boundaries and 
to improve the transport critical current density, Jc. 
Few data have been reported on the development of 
texture by plastic deformation of YBa2Cu30 7 -x poly- 
crystals, although plastic deformation behaviour has 
been investigated by several authors. Rabier and Den- 
anot [2, 3] have studied dislocations introduced by 
compression at room temperature and confirmed a 
glide system [0 1 0] (00 1). Hatanaka and Sawada 
[4, 5] have found ferroelastic behaviour at about 
473-623K using a YBazCu307_ x single crystal 
heated in a mechanically clamped state. Narita et al. 

[6] reported that the deformation twinning is induced 
in YBa2Cu3OT_ x through reorientation of oxygen 
vacancy arrays at 533 K. They observed the change in 
intensity ratio of the (2 0 0) + (0 0 6) to the (0 2 0) peak, 
laI b, by loading up to 300 MPa. 

Suzuki and Takeuchi [7, 8] theoretically analysed 
the plasticity and deformability of superconducting 
ceramics based on Peierls stress and the number of 
operative slip systems, and predicted that the critical 
temperature for deformation is above 1090 K. Saka 
and co-workers [9, 10] observed the microstructure 
of samples deformed by micro-indentation at 
923-1123 K. Some ( 1 0 0 )  dislocations were found 

to dissociate into dislocations 1/2(100> + 1/2 
(1 0 0> at 923 K, whereas they did not dissociate at 
1123 K. 

Reyes-Morel et al. [11] have recently measured 
the flow stress in air at strain rates of 1 x 10-4-1 
• 10 - 6  S - 1  by compressive deformation at temper- 

atures between 1073 and 1163 K. They found a 
stress exponent of 1.25 and activation energies 
of 1218kJmol-* for higher temperatures, and 
565 kJ mol-1 for lower temperatures with the trans- 
ition at 1143 K. They suggested that the deformation 
is controlled by barium diffusion and speculated that 
the occurrence of two apparent activation energies is 
attributable to two different diffusion paths of the 
cations. Bussod et al. [12] reported results on the 
effects of temperature and strain rate on the plastic 
deformation of fully dense YBa2Cu307_ x poly- 
crystals. They found a stress exponent of 2.5 and an 
activation energy of 201 kJ mol-  1 in air between 1023 
and 1223 K at strain rates between 1 x 10 -4 and l 
• 10 - 6  S - 1 .  Stumberg et al. [13] measured the plastic 
deformation of 99 % dense polycrystals under various 
oxygen partial pressures, P(O2), at temperatures be- 
tween 1143 and 1253 K and strain rates between 5 
x 10 - 6  and 4x  10-Ss -1. They found a stress expo- 

nent of nearly one and an activation energy of 
600-800 kJ mol-  1, dependent on oxygen partial pres- 
sure. Moreover, it has been shown [14] that steady- 
state creep rate can be expressed as a function of flow 
stress, grain size and temperature. These recent results 
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on high-temperature deformation behaviour remain 
conflicting. In order to control the textures of 
YBa2Cu3OT_x by plastic deformation, a further study 
is required for high-temperature deformation. 

In this investigation, stress strain curves are pre- 
sented for both 3 and 7 I.tm grain size specimens 
compressed at a constant crosshead speed at temper- 
atures from 1136-1253 K. The stress exponent and 
activation energy were also investigated. Both the 
compression tests and microstructural observations 
revealed that there is a difference in deformation 
mechanism above and below 1203 K. 

2. Experimental procedure 
Ceramic samples of YBa2Cu30 7_x were prepared by 
the solid- state reaction method as described pre- 
viously [15]. After pelletizing at 100 MPa, the pellet 
was sintered for 10-50 h at 1203 K in flowing oxygen 
and slowly cooled at 1 K min-  1 to room temperature. 

Samples with different grain sizes of 3 and 7 gm 
were used in this study. The samples had about 88 % 
theoretical density and a critical temperature (To) of 
about 90 K. X-ray diffraction revealed that the sam- 
ples consisted of a single YBa2Cu~Ov x phase. 

The compression samples of dimensions 3.2 x 3.2 
x 6.4 mm 3, were cut from the sintered pellets using a 

diamond saw without water and were polished with 
lapping tape no. 6000 (Fuji Film LT-C6000). The com- 
pression tests were performed in air at a constant 
crosshead speed using an Instron-type testing ma- 
chine equipped with a high-temperature furnace at 
1136-1253K. The stress was transmitted to the 

sample by two SiC rods. A ceramic chip made of 
A120 3 4- ZrO 2 was set between a sample and the SiC 
rods and a thin gold foil (10 pm thick) was inserted 
between the sample and ceramic chips to prevent 
chemical reactions. The samples were heated in air at a 
rate of 4.5 K min-  t from room temperature to the test 
temperature. After testing, the samples were slowly 
cooled at a rate of 2 K m in -1  to room temperature, 
because rapid cooling produces cracking owing to 
stress caused by anisotropic contraction [16, 17]. 

Both dynamic and static grain growth on deforma- 
tion were examined with two kinds of samples; one 
was a compressed sample for dynamic grain growth 
and the other was an annealed sample, which was 
placed beside a compressed sample during compres- 
sion testing, for static grain growth. The deformed 
samples were cut parallel and perpendicular to the 
compression axis for optical microscopy. Thin foils for 
transmission electron microscopy (TEM) were pre- 
pared by cutting a compressed sample perpendicular 
to the compression axis, mechanical polishing to 
50-80 gm and then ion thinning. The foils were ob- 
served in a Jeol JEM-2000 EX electron microscope 
equipped with a goniometer stage allowing _+ 45 ~ tilt 
in two orth0gonal directions. The grain size was 
measured as accurately as possible by the conven- 
tional mean linear intercept method [18], counting at 
least 200 grains in each case. This material has very 
anisotropic grains with large aspect ratio. Therefore, 
the linear intercept was measured in two orthogonal 
directions on each plane, one parallel plane and the 
other perpendicular plane to the loading axis. The 
geometrical mean of these values was used to calculate 
the grain size. 
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Density was determined by Archimedes' method 
after coating the sample with viscous wax. 

3. Results 
Fig. la and b shows the stress-strain curves at 
1136 1243 K for the samples with grain sizes of 3 and 
7 gm, respectively. Steady-state deformation appeared 
above 1203 K for both samples. Steady-state stress is 
defined by a zero work-hardening rate [19] and is 
used as all terms of stress in this paper. An increase in 
density from 88 % to 95 % theoretical value was 
observed after plastic deformation to 40% strain. 
Such a phenomenon has also been reported in pre- 
vious works [8, 9]. Because macrocracking occurred 
in the samples with high flow stress, compression tests 
were interrupted at small strains. Fig. 2 shows plots of 
the logarithm of steady-state stress as a function of 
T -1 for a constant strain rate of 1.3 x 10 -s s -L  From 
the slope of the straight lines, activation energies are 
determined to be approximately 150 kJmol 1, inde- 
pendent of grain size. These results are not in accord- 
ance with those of previous workers [11-14]. 

The strain-rate sensitivity of steady-state stress at 
constant temperatures 1203, 1223 and 1243 K is 
shown in Fig. 3. The results at temperatures from 
1203-1243 K give a stress exponent with a magnitude 
of 1.3 4-0.1. This agrees with that reported earlier 
[11 14], in which diffusional creep was suggested 
to be the dominant deformation mechanism in 
YBazCusOT_ x polycrystals. 

TEM observations were performed with the com- 
pressed samples to investigate the microstructural 
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Figure 2 Plots of the logarithm of steady-state stress as a function of 
T-~ for a initial strain rate of 1.3 x 1 0 - 5 s - t  and grain sizes of (O) 
3 gm and ( 0 )  7 gm. 
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Figure 3 Strain-rate sensitivity of steady-state stress at ( ~ )  1203, 
(A t 1223 and (�9 1243 K, for a grain size of 3 gm. 

characteristics of the deformation. Typical microstruc- 
tures of 15% strained samples at 1136, 1t73 and 
1243 K are shown in Fig. 4a-c, respectively. The main 
feature of Fig. 4a and b is the presence of a high 
density of dislocations within the grains. The density 
of dislocations at 1136 K was higher than that at 
1173 K. A similar dislocation structure was reported 
earlier [20] in the sample deformed by the indentation 
experiment at 1123 K. On the contrary, the lack of 
dislocations within most grains was evidently 
confirmed in the samples compressed at high temper- 
atures such as 1203 and 1243 K. A typical example is 
shown in Fig. 4c. Only a few isolated dislocations were 
detected by repeated tilting experiments under various 
diffraction conditions. By using the g b = 0 criterion 
for invisibility, the Burgers vector of dislocations in 
samples deformed at 1136K was determined. As 
shown in Fig. 5, the configuration of the dislocation in 
the sample deformed at 1136 K is found to be out of 
contrast only for g = 200 and this result is consistent 
with a [0 1 0] Burgers vector. The [0 1 0] (00 1) glide 
system is considered to be operative. 

Figs 6 and 7 show optical micrographs of statically 
annealed samples and deformed samples, respectively. 
The grain size increases with annealing time. Further- 
more, it is evident that grain growth is enhanced by 
deformation and is accompanied by development of 
strong anisotropy in grain shape and preferred ar- 
rangement. Fig. 8 shows the static and dynamic grain 
growth with annealing time, indicating that dynamic 
grain growth occurs more rapidly than does static 
grain growth. 
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Figure 4 Typical TEM microstructures of 15% strained samples at 
(a) 1136 K, (b) 1173 K, and (c) 1243 K. 

4. Discussion 
The present T E M  observat ions have revealed that 
there exist no discernible dislocations in the deforma- 
t ion microstructure above 1203 K, see Fig. 4c. In  addi- 

tion, the stress exponent  of n = 1.3 _+ 0.1 is obta ined 
above 1203 K. These results suggest that the 
high-temperature  deformat ion is mainly  controlled by 
diffusional creep. However, it is not  clear whether or 
not  the low act ivat ion energy, 150 kJ m o l -  2, is reason- 
able for the diffusional creep, because no data on 
cat ion self-diffusion in YBa2Cu3OT_ x are available. 
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Figure 5 Dislocation contrast in the sample deformed at 1136 K: (a) 
g = 0 01, (b) g = 0 20, (c) g = 2 0 0, and (d] 
g=220 .  



Figure 6 Optical micrographs of statically annealed samples for (a) 8.65 ks, (b) 15.3 ks (c) 29.8 ks and (d) 44.6 ks. 

Figure 7 Optical micrographs of deformed samples: (a-d) micrographs of the planes perpendicular to the compressed axis; (e-h) micrographs 
of the planes parallel to the compressed axis. The time required to attain (a, e) 10 %, (b, f) 20 %, (c, g) 40 % and (d, h) 55 % strain was 8.65, 15.3, 
29.8 and 44.6 ks, respectively. The annealing time in Fig. 6 is determined from this result. 
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Fig. 7 continued 
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Figure 8 (O) Static and (O Q A) dynamic grain growth with 
annealing time at 1203 K. Compression axis: (O) perpendicular; ([]) 
parallel, length direction; (•) parallel, width direction. 

It has been reported that the activation energy for 
high-temperature deformation of polycrystalline 
YBazCu3OT_x depends on oxygen partial pressure, 
P ( 0 2 )  [13, 14]. However, even if this is taken into 
consideration, there is a large difference in activation 
energy between this study and the previous studies by 
von Stumberg et al. [13] and Goretta et al. [14]. 
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We observed steady-state deformation to over 40 % 
strain above 1203 K and the development of strong 
anisotropy in grain shape, while they observed steady- 
state deformation to over 10 % strain at low temper- 
atures below 1203 K and no change in distribution 
and texture of anisotropic grains in spite of con- 
siderable increase in grain size. 

In general, steady-state deformation has been found 
under such conditions that high-temperature de- 
formation is controlled by dislocation creep, diffu- 
sional creep, grain-boundary sliding or dynamic 
recrystallization. Grains in a sample deformed by 
dislocation creep and diffusional creep are elongated, 
depending on stressed direction. The size and shape of 
grains are unchanged in a sample deformed by grain- 
boundary sliding, such as a superplastically deformed, 
fine-grained sample. Grain refinement usually occurs 
in a sample deformed by dynamic recrystallization. 
Therefore, it seems to be difficult to explain the mech- 
anism of the steady-state deformation observed by 
von Stumberg and colleagues [13, 14] in relation 
to microstructural changes. On the other hand, 
Kaibyshev et al. [213 have recently reported that 
YBazCu307 x exhibited superplasticity-like deforma- 
tion behaviour in compression tests at 1173 and 
1203 K. They showed stress-strain curves with a peak 
stress followed by steady-state deformation and ob- 
served many pores and cracks after deformation. They 
considered that these cavities were formed to accom- 
modate intense grain-boundary slipping. We also 
observed that cracks were introduced in a sample 
deformed at temperatures below 1203 K to over a 



strain at a peak stress and macroscopic cracking was 
caused by these cracks on further straining. Therefore, 
it is not believed that these cracks are introduced as an 
accommodation process of superplastic deformation 
based on grain-boundary sliding. 

The present TEM observations indicating the exist- 
ence of a high density of dislocations (Fig. 4a, b) and 
the increment of work-hardening rate suggest that the 
deformation below 1203 K (Fig. 1) is controlled by 
dislocation slip. The determined Burgers vector [0 1 0] 
does not satisfy the yon Mises criterion [22], indicat- 
ing that a polycrystal to undergo a general change of 
shape by slip requires the operation of five independ- 
ent slip systems. Considerable plastic flow was, how- 
ever, observed below 1203 K without macrocracking, 
indicating that a plastic deformation mode other than 
dislocation slip, e.g. deformation twinning, grain- 
boundary sliding or grain-boundary migration, is op- 
erative. Deformation twinning has been reported in 
the temperature range 473-623 K [4-6], but not in the 
high-temperature range where the oxide has tetrago- 
nal structure. In fact, we did not observe any deforma- 
tion twins in this study. Grain-boundary sliding or 
grain-boundary migration, as well as dislocation slip, 
is likely to occur, because significant changes in op- 
tical microstructure are observed after deformation. 
Furthermore, the observed plastic flow may be partly 
due to microcracking at grain boundaries, because 
macrocracking appeared at smaller strain in the 
sample compressed below 1203 K. 

Thus, activation energy should be measured by 
using samples indicating steady-state deformation to 
over 40 % strain without a peak stress. This experi- 
mental condition can be achieved above 1203 K at 1.3 
x 10 -5. The low activation energy may be expected 
from the experimental observations that oxygen 
vacancies [23 25] and lattice parameter c [26-29] 
increase rapidly with increasing temperature. The an- 
omalous increase in lattice parameter c has been 
explained in terms of the creation of vacancies in the 
0(4) sites that separate the copper and oxygen planes 
and chains. That is, the creation of the 0(4) vacancies 
in the 0, 0, z positions leads to a decrease in the net 
electrostatic attractive force in the z direction. If this is 
the case, cation diffusion along the c plane may be- 
come easy and, as a result, the activation energy may 
be lowered. 

5. Conclusions 
Compression tests were performed on YBazCU3OT_ x 
polycrystals with grain sizes of 3 and 7 p.m at 1.3 
• 10-Ss -1 at temperatures from 1136-1253 K. The 

following results were obtained. 
1. Steady-state deformation appears above 1203 K 

for both samples. The dislocation density of these 
samples is found to be very low. 

2. The plots of the logarithm of steady-state stress 
as a function of T-1 are expressed by two straight 
lines for both grain sizes above 1203 K. From the 
slope of the straight lines, activation energies are 
determined to be approximately 150 kJ mol-1, inde- 
pendent of grain size. 

3. The strain-rate sensitivity of steady-state stress at 
various initial strain rates between 1.3• 10 -5 and 
4• 10-% 1 in the temperature range 1203-1243 K 
gives a stress exponent of 1.3. 

4. Work-hardening appears below 1203 K and dis- 
locations with a high density are observed. 

5. The results obtained on the compression tests 
and microstructural observations suggest that the 
dominant deformation mechanism is diffusional creep 
associated with grain-boundary sliding above 1203 K, 
and dislocation glide accompanied with grain-bound- 
ary sliding below 1203 K. 

6. The grain growth is enhanced by deformation 
and is accompanied by development of strong aniso- 
tropy in grain shape and preferred arrangement. 
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