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The effect of applying a uniaxial stress, while varying the temperature and the time 
of sinter-forging, on the microstructure and critical current density of the sinter-forged 
YBa2Cu307_x ceramics has been investigated. Spray-roasted powders from a nitrate-based 
feed solution were prepared as the starting materials. By applying a relatively low uniaxial 
stress (2 MPa), the sintered density increased up to 95% of the maximum value. Critical current 
densities of between 360 and 420 Acm -2 were obtained for the sinter-forged samples which 
are significantly higher than values reported for pressureless-sintered samples prepared from 
solid-state reacted powders (typically 70 Acm-=). This increase in the density of the material 
and the critical current density can be explained by the alignment of the elongated 
YBa2Cu307_ X grains under applied uniaxial stress during sintering. The elongated 
YBa2Cu307_ X grains have been characterized by transmission electron microscopy. 

1. I n t r o d u c t i o n  
The low critical current density is one of the main 
problems limiting with the application of polycrystal- 
line YBa2Cu3OT_ ~ superconductors. It is known that 
several factors contribute to the origins of the low 
critical current density. These factors can be sum- 
marized as follows. 

1. The critical current density of YBa2Cu3OT_ x 
single crystal is anisotropic (the value perpendicular 
to the c-axis is larger than that parallel to the c-axis) 
[1, 2]. 

2. The grain boundaries behave as weak-links 
which limit the maximum transport current between 
adjacent grains [3]. 

3. The sintered density is low (80%-85% theoret- 
ical maximum value, TD) [4]. 

4. Non-superconducting phases are often present 
(e.g. weakly superconducting grains, insulating layers 
at the grain boundaries, voids, and microcracks) [5]. 
Unfortunately, factor 1 is an intrinsic property of 
YBa2Cu3OT_~ single crystal so that the anisotropic 
current-carrying capability cannot be avoided. But the 
difficulties due to the other three factors can be allevi- 
ated. Reducing the number of particularly deleterious 
grain boundaries by the alignment of the elongated 
YBazCu307_ ~ grains normal to their c-axis can 
minimize the effect of the weak-link nature of the grain 
boundary on the polycrystalline ceramics. 

The simultaneous application of pressure and tem- 
perature (sinter-forging) can enhance densification 
rates, reduce densification temperatures, and produce 

a textured microstructure [6, 7]. During the process, 
the plungers are slowly pressed together at the re- 
quired temperature, allowing free movement of the 
specimen in the lateral direction. Thus, the c-planes 
(the planes perpendicular to the c-axis) of the elong- 
ated YBa2Cu30 7_~ grains tend to align perpendicular 
to the forging direction. In addition to texturing, 
densification to near 95% TD can be obtained in the 
polycrystalline YBaeCu3OT_ x ceramics using this ap- 
proach. The sinter-forging process has been applied 
previously to produce the textured barium ferrite 
ceramics [8, 9] where the densification and the creep 
mechanism of powder compacts [10-14] were studied. 
The technique is particularly attractive because it 
provides greater control of the dimension and shape of 
the article. Hot-pressing [15, 16], hot isostatic pres- 
sing [17], hot extrusion [18], shock compaction [19], 
and pressureless sintering by addition of Ag20 [20] 
have also been reported as possible methods for devel- 
oping the desired textured microstructure for the high- 
Tc superconducting ceramics. Recently, the critical 
current density of the bulk YBa2Cu307_:, super- 
conductors has been remarkably improved by melt 
process [21-24]. Although the highest critical current 
density for a bulk sample (up to 75000 Acre -2) was 
obtained by this process, the experimental difficulties, 
the reproducibility of the method and the limited size 
of the samples were significant drawbacks. 

The aim of the present study is to advance the 
understanding of these sinter-forged YBa2CuaOT_ x 

superconductors. The effects of varying the applied 
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uniaxial stress, the sinter-forging temperature and 
processing time on the densification and critical cur- 
rent density of the sinter-forged samples has been 
investigated. Spray-roasted powders from nitrate feed 
solutions were prepared as the starting materials. The 
crystallographic orientation relationship between the 
elongated YBa2Cu3OT_x grains and the stress axis 
has been characterized on the microscopic scale using 
selected-area diffraction (SAD) and high-resolution 
imaging in the TEM, and macroscopically using X-ray 
diffraction. 

2. E x p e r i m e n t a l  p r o c e d u r e  
Y(NO3)6H20, Ba(NO3)2, and Cu(NO3)23H20 , were 
dissolved in distilled water and the solution sprayed 
on to the hot tray at 300 ~ (the spray-roasting pro- 
cess). This spray-roasted powder was calcined at 
800 ~ for 5 h in a N 2 atmosphere and then ground 
and recalcined at 850 ~ for 5 h in an Oz atmosphere. 
For comparison, solid-state-reacted powder was also 
prepared by the mechanical mixing and calcining of 
the mixture of Y203, BaCO3, and CuO. 

The powder was compacted uniaxially under a 
pressure of 450kgcm -2 and isostatically under ~i 
pressure of 1470kgcm -2. Sinter-forging was con- 
ducted in a vertical tube furnace with a kanthal heat- 
ing element. The pellets were placed between alumina 
rams, but separated from the rams by a sintered MgO 
plate. Forging was carried out at 860, 880 and 900 ~ 
under a constant stress of 0, 1 and 2 MPa in air. The 
sinter-forging time was varied between 0 and 20 h. The 
samples were then annealed at 600 ~ for 5 h, followed 
by 450 ~ for 10 h, in a flowing 0 2 atmosphere with a 
flowing rate of 30 cm 3 min- 1 

The density of each sinter-forged sample was meas- 
ured by Archimedes method using kerosene rather 
than of water. X-ray diffraction measurements were 
performed on the calcined powders from both pre- 
paration routes. The texture of each sinter-forged 
sample was evaluated by X-ray diffraction using CuK 

~Z 

radiation using a cross-section cut perpendicular to 
the sinter-forging axis. The diffracted intensities from 
the (0 0 3), (0 0 5), and (0 0 6) planes were compared to 
the intensity from the (1 0 3) plane as a standard. Bar- 
shaped samples were cut from the sinter-forged pellets 
with the long axis perpendicular to the forging axis in 
order to measure the resistance versus temperature 
characteristics and the transport critical current dens- 
ity, Jc. 

TEM samples were prepared by mechanical pol- 
ishing and dimpling, followed by ion-milling (VCR 
Group Maxmill) with Ar § at 5 kV using a cold stage 
(77 K) until perforation. Images and SAD patterns 
were recorded using a Jeol 1200EX (120 kV) transmis- 
sion electron microscope. 

3. Resul ts  and discussion 
X-ray diffraction patterns of the spray-roasted 
powder and the solid-state-reacted powder after 
calcination are shown in Fig. 1. The pattern from the 
spray-roasted powder shows only the superconduct- 
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Figure 1 X-ray diffraction patterns of (a) spray-roasted powder and 
(b) solid-state reacted powder after calcination. The arrows indicate 
BaCO 3 peaks. 
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Figure 2 Resistance versus temperature curves for (a) the pres- 
sureless-sintered sample from solid-state reacted-powder and (b) the 
sinter-forged sample from spray-roasted powder. 

ing phase, YBa2Cu307_:,. In the solid-state-reacted 
powder, BaCO 3 phase was observed. The super- 
conducting transition temperatures were measured by 
the four-point probe technique from 77 K to room 
temperature for samples prepared from both powders. 
The resistivity versus temperature curves are shown in 
Fig. 2. T c of the sinter-forged and pressureless sintered 
samples are 86 and 84 K, respectively. The higher 
resistivity of the sample from solid-state reacted pow- 
der compared to the sample from spray-roasted pow- 
der at temperatures above T~ might be related to the 
presence of non-superconducting BaCO 3 phase. 

The densities of the samples which were sinter- 
forged for 20 h at 860, 880 and 900 ~ are plotted as a 
function of the applied stress in Fig. 3. The relative 
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Figure 3 Variation of relative density as a function of uniaxial stress 
for the samples sintered for 20 h at 860, 880 and 900 ~ 

density increases linearly with the applied stress. Fig. 3 
also shows the improvement of the relative densities 
(11%-15%) due to the applied stress (2MPa) in 
comparison with the pressureless sintered material. 
The highest density, 95% TD, was obtained by sinter- 
forging at 900 ~ for 20 h under 2 MPa. The Jc of the 
sinter-forged samples was determined from typical 
current-voltage characteristics at 77 K using zero 
magnetic field. It was measured using a four-point 
technique. The values are summarized in Table I. The 
Jc values of the samples sintered at 900 ~ for 20 h 
under 2 MPa and O MPa were 420 A cm -2 (the high- 
est value) and 190 A cm- 2, respectively. Effects of the 
sinter-forging time (above 20 h) on the Jo can be 
ignored because of the small difference found for Jc 
using material which had been sinter-forged at 880 ~ 
under 2 MPa for between 20 and 40 h. The improve- 
ment of Jr of the sinter-forged samples can be at- 
tributed to the alignment of the elongated 
YBazCu307_ x grains. 

Optical micrographs of the sinter-forged sample 
from the spray-roasted powder before annealing show 
the plate-like YBazCu3Ov_x grains on the polished 
surface perpendicular to the stress axis in Fig. 4a and a 
textured microstructure with the alignment of the 
elongated grains on the surface parallel to the stress 
axis in Fig. 4b. The SAD pattern (Fig. 5b and c) 
obtained from an elongated YBa2CuaOv-x grain in 
Fig. 5a reveals a parallel relationship between the 
c-axis of the grain and the stress axis. Elongation of 

T A B L E  I Critical current densities of the sinter-forged 
YBa2Cu3OT-x superconductors at 77 K in zero magnetic field 

Sinter-forging condition 

Stress Temperature Time Jc Relative 
(MPa) (~ (h) (A cm - 2) density 

(% TD) 

0 900 20 190 81 
2 860 20 360 78 
2 880 20 365 89 
2 880 40 370 - 
2 900 20 420 95 

Figure4 Optical micrographs showing (a) the plate-like 
YBa; Cu30 v_x grains on the polished cross-section cut perpendic- 
ular to the stress axis and (b) the alignment of the elongated grains on 
the cross-section cut parallel to the stress axis for the sample sinter- 
forged at 880 ~ for 20 h under 2 MPa. The arrows in (b) show the 
direction of the applied stress. 

YBa2Cu3Ov_ x grain in a direction perpendicular to 
the c-axis can be explained by a preferential move- 
ment of the (1 1 0) planes (the tetragonal phase is stable 
during sintering). The effect of the atomic arrangement 
within the tetragonal unit cell of the YBa2Cu3OT_ ~ 
can be considered in a manner similar to that used to 

explain anisotropic growth of hexagonal ZnO grains 
[25]. In YBazCu3Ov_x, the (00 1) plane has four types 
of ion occupancy which repeat periodically, i.e. the 
Cu-O plane, the Ba-O plane, the Cu-O 2 plane, and 
the Y plane. Two (1 00) planes occur which are re- 
ferred to as the Cul.5-O2. 5 plane and Y-Ba2-O 2 
plane. In contrast, the {1 1 0} plane has one type of 
plane with the atomic proportion of Y-Baz-Cu 1.5-O. 
It may thus be more favourable for {1 1 0} surface to 
move than surfaces parallel to other planes. During 
sinter-forging, the plungers are pressed together at the 
required temperature, allowing free movement of the 
specimen in the lateral direction, with slow deforma- 
tion rates. Thus, the elongated YBa/Cu3OT_ x grains 
are aligned perpendicular to the applied stress axis. 
Twins were also observed in the elongated gi'ains as 
illustrated in Fig. 6a. Fig. 6b and c show the corres- 
ponding SAD pattern recorded for the twins with a 
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Figure 7 Variation of relative intensity (/c00 x)/1(103) as a function 
of sintering temperature for the samples sinter-forged under 2 MPa 
for 20 h. 

Figure5 (a) Bright-field image showing part of an elongated 
YBa2Cu3OT-x grain aligned perpendicular to the stress axis in the 
sample sinter-forged at 880~ for 20 h under 2 MPa, (b) SAD 
pattern from the elongated grain with [100] zone axis, and 
(c) schematic illustration of the SAD pattern. The arrows in (a) show 
the direction of the applied stress. 

twins, i.e. twin patterns in which twin boundaries also 
form on the second set of { 1 1 0} planes, as has been 
reported elsewhere [29-32]. 

X-ray diffraction measurement along the cross-sec- 
tion perpendicular to the sinter-forging axis provides a 
quantitative evidence of the texturing in the sinter- 
forged Samples. Fig. 7 shows a variation in the ratio of 
the normalized diffracted intensity from the c-plane, as 
a function of the sinter-forging temperature. The in- 
creases of these relative intensities (Fig. 7) and the 
critical current densities (Table I) with the sinter- 
forging temperature demonstrate that the critical 
current density is improved by the texturing of the 
elongated YBazCU3OT_ x grains. 

Figure 6 (a) Bright-field image showing twins in the YBazCu307_. 
grain of the sample of Fig. 5, (b) SAD pattern from the twins, and 
(c) schematic illustration of the SAD pattern demonstrating the 
(1 10) twin plane. (Note:(�9 and ( � 9  correspond to the diffracted 
beams from the matrix and twin of the YBa2Cu3OT_x grain with 
[001] zone axis.) 

4. Conclusions 
BaCO3-free and chemically homogeneous YBa2 
Cu307_ x superconducting powder was obtained by 
the spray-roasting process from the non-carbonate 
precursors. The sample which was sinter-forged at 
900~ for 20h under 2 MPa had the highest 
values of both the sintered density (95% TD), and Jc, 
420 Acm- 2. The Jc values of the samples sintered at 
900~ for 20h under 2MPa  and O M P a  were 
420 Acre -2 (the highest value) and t90 Acre -2, re- 
spectively. SAD pattern obtained from elongated 
YBazCu3OT_ x grains confirm that the c-axis of the 
grains and the stress axis tend to align. The elongation 
of YBa2Cu3OT_ ~ grains in the direction perpendic- 
ular to the c-axis indicates a preferential growth of 
these planes which may be related to the atomic 
arrangement on the {0 0 1}, { 1 0 0}, and { 1 1 0} planes 
of the tetragonal unit cell. X-ray diffraction measure- 
ment along the cross-section perpendicular to the 
sinter-forging axis has provided quantitative evidence 
of the texturing in the sinter-forged samples. 

common [00 1] zone axis. The pattern reveals the 
same orientation relationship as the previous reports 
[26-28] that twin boundaries lie on the common 
(1 1 0) planes. In addition, Fig. 6a shows intersecting 
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