
Sinter-forging conditions, texture and transport properties of

Bi-2212 superconductors

R. Caillard a,*, V. Garnier b, G. Desgardin b

a Laboratoire LERMAT, ISMRa, 6 Bd. du Marechal Juin, 14050 Caen Cedex, France
b Laboratoire CRISMAT, 6 Bd. Marechal Juin, 14050 Caen Cedex, France

Received 8 March 2000; received in revised form 22 May 2000; accepted 5 June 2000

Abstract

The optimization of the sinter-forging process of the Bi±Sr±Ca±Cu±O (2212) superconducting ceramic, synthesized

by a polymer matrix method has been done. The precursor powder was pressed under uniaxial stresses ranging between

15.9 and 46.8 MPa, and heated between 830°C and 845°C. Rather well textured samples showing less than 5.6 dis-

orientation degrees for 50% of the grain respect to the ab plane have been obtained. The relationships between the stress

value as well as the sinter-forging temperature and the samples texture have been correlated with the critical current

densities, Jc, at 77 K. Maximum Jc close to 700 A cmÿ2 have been achieved with a pressure of 31.4 MPa and a tem-

perature of 840°C showing that annealing under O2/N2 has also to be optimized to obtain in such sinter-forged bulk

materials higher Jc values. Ó 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well known that high-temperature super-

conductors have limited superconducting proper-

ties because of their intergranular junctions

inducing weak links and have to be textured in

order to exhibit high critical current densities. The

texturing process induces grains alignment ac-

cording to the ab plane and improves intergranu-

lar junctions, which is essential to get samples

with high critical current densities. The sinter-

forging processes used in the literature for Bi-based

materials involve large temperature range (from

810°C [18] to 870°C [19]), large applied pressure

range (from 3 MPa [20] to 10 MPa [21]) and could

present two di�erent consecutive sinter-forging

step conditions [22,23]. Using this technique, the

2223 phase has much more been studied up to now

than the 2212 one, because of its better electrical

properties. Nevertheless, the 2223 phase formation

kinetics is sluggish when compared to the 2212

one. Few sinter-forging articles using the 2212

phase have been written and from our knowledge,

no sinter-forging condition optimization has been

performed for the 2212 phase. However, some au-

thors [1,24] use an applied pressure of 6 MPa and

a sinter-forging temperature of 845°C and 850°C.
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In this work, both pressure and temperature

parameters applied in a sinter-forging process have

been optimized. The e�ects of the sinter-forging

conditions on intrinsic properties (e.g. grain ori-

entation) and on extrinsic properties (transport

critical current density) have been discussed.

2. Experimental procedure

Powders with the nominal composition

Bi2Sr2CaCu2O8�d have been prepared using a

polymer matrix method [25]. The precursors,

Bi(CH3COO)3 (Aldrich,<99.99%), Sr(CH3COO)2 �

(1/2)H2O (Aldrich, <99.9%), Ca(CH3COO)2 �H2O

(Aldrich, 99%) and Cu(CH3COO)2 �H2O (Aldrich,

<98%) were dissolved in a mixture of acetic acid

(SDS, 99%) and distilled water to obtain a pale

blue solution. To this solution, another solution

ofpolyethyleneimine (PEI Aldrich, 50 wt.% H2O)

in distilled water was added and the resulting so-

lution turned royal blue immediately. This dark

blue solution was then introduced into a rotary

evaporator to reduce the volume to approximately

10% of the initial volume. As described in our

previous work [25], the concentrated solution is

®red in a hot plate at 400°C and milled. The re-

sulting powder is calcined in two steps, ®rst at

750°C for 6 h and secondly at 800°C for 6 h with

an intermediate milling. After cooling, the re-

maining powder is ground to obtain an average

powder grain size close to 2.5 lm and pelletized

under uniaxial pressure (200 MPa, 16 mm diame-

ter, �3 g, 5 mm thickness). The green density ob-

tained is more than 60% of the theoretical one.

After sintering at 845°C for 12 h, the X-ray pattern

(Fig. 1) shows principally the 2212 phase, with the

presence of secondary phases ((Sr, Ca)CuO and

CuO) in small amount (low-intensity peaks). The

pellets were then set in a shell furnace (Fig. 2)

between two 0.1 mm thick silver foil to prevent

any reaction with the alumina rods during sinter

forging. The sinter-forging conditions, controlled

by temperature, stress and time were chosen to

allow an easy separation of the ®nal disc from the

silver foil. The sinter-forging temperature was

measured with a Pt±PtRh thermocouple placed

close to the sample and adjusted before each sinter-

Fig. 1. X-ray di�raction of sinter-forged samples for the worst, sample 1 (835°C/15.9 MPa), and the best, sample 5 (835°C/31.4 MPa),

and after sintering 845°C/12 h.
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forging experiment. The pressure has been con-

trolled by a force sensor FGP instrumentation.

The sinter-forging process is controlled through

stress ramp and dwell as schematically described

in Fig. 3. The stress range is between 15.1 and

46.8MPa. The temperature used for the whole

study is constant when pressing, and ranges be-

tween 830°C and 845°C. This range of temperature

allows a priori the pellets to be easily removed

from the silver sheets. Above 845°C, the sample

decomposition leads to a too important liquid

phase formation and gives large inhomogeneity,

not allowing the sample separation from the sil-

ver foil without breaking it. Pressure is released

before decreasing the temperature to avoid cracks

in the Bi-2212 discs which could be caused by the

linear expansion coe�cient di�erence between the

sample and the Ag sheets.

The furnace is turned o� and the tempera-

ture decreases at 10°C per minute to set the

disc state and to avoid any 2212 decomposition

into 2201 which can occur with a slow cooling

[19±26]. Pole ®gures measurements were per-

formed on the (0012) re¯ection using an X-ray

di�ractometer.

After sinter forging, the pellets were cut into

sticks (1:5� 15 mm2) (thickness dimensions are

given in Table 1). Thus, bars cut from the discs

were silver threaded and welded by a silver past

before a post-annealing at 820°C for 50 h in ei-

ther, 7.5% O2/balance N2 followed by a slow

cooling rate (2°C per hour) down to 780°C,

and before quenching down to room temperature,
Fig. 3. Schema of the sinter-forging cycle pressure versus time

performed on sintered 2212 pellets at di�erent temperatures.

Fig. 2. Schematic view of the hot-forging apparatus.
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according to a previous study on textured ma-

terials obtained by Park et al. [22], or under air at

820°C for 50 h and then directly quenched down

to room temperature.

For resistivity and transport current measure-

ments, a Superconducting Quantum Interference

Design (SQUID) magnetometer was used and the

transport current density was determined from the

DC current±voltage curve using a 1 lVcmÿ1 cri-

terion with a four-probe method.

3. Texture characterization

Pole ®gure measurements were performed on

each sinter-forged sample. All the disorientation

Fig. 4. Cumulative curves showing that 50% of the grains are aligned within 5.55° and 7.6° for samples 5 and 1, respectively.

Table 1

Summary of the main characteristics of the investigated samples

Sample

number

Sinter-forg-

ing pressure

(MPa)

Sinter-forg-

ing tempera-

ture (°C)

Texture

qualitya

(deg)

Thickness

(mm)

Tc (K) after

annealing

under air

Jc (A cmÿ2)

after

annealing

under air

Tc (K) after

annealing

under 7.5%

O2

Jc (A cmÿ2)

after

annealing

under 7.5% O2

1 15.9 830 7.6 1.10 85.5 180 86.5 250

2 23.6 830 7.5 1.03 86 350 87 390

3 31.4 830 7.25 0.84 86 430 87 470

4 46.8 830 6.3 0.80 86 390 87 495

5 31.4 835 5.55 0.80 88 440 88.5 540

6 31.4 840 6.5 0.69 88 685 89 710

7 31.4 845 7.15 0.83 88 640 89 695

aMisorientation for 50% of the grains.
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data are summarized in Table 1. Cumulative

curves (Fig. 4) show the best and the worst grain

alignment results, corresponding to samples 5 and

1 with less than 5.55 and 7.6 disorientation degrees

for 50% of the grains, respectively. XRD patterns

obtained using the same measurement conditions

are shown in Fig. 1. Both spectra (samples 1 and 5)

show that the Bi-2212 phase is still pure excepted

additional peaks due to the formation of (Sr,

Ca)CuO secondary phases along the sinter-forging

process. Spectra for sample 5 exhibit higher (001)

peaks intensities than spectra for sample 1, with

narrow full width half maximum of the peaks,

showing a better texture and crystallinity for

sample 5. In Fig. 5, the SEM micrographs con®rm

the texture di�erence between samples 1 and 5.

Sample 5 shows that the grains are better oriented

and better joined than sample 1. Fig. 6 points out

Fig. 5. SEM micrographs of annealed bars after sinter-forging samples at 840°C/31.4 MPa and 835°C/15.9 MPa. The arrow shows the

direction of the applied pressure.
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the texture evolution with the sinter-forging tem-

perature at 31.4 MPa and with the sinter-forging

pressure at 830°C, respectively. In the ®rst case,

with a constant pressure of 31.4 MPa, the texture

reaches its optimum at 835°C. At 830°C, the tex-

ture is only 7.6° because the liquid phase is too

viscous and not largely formed to let the grains

swiping and orienting on each other. At 835°C, the

liquid phase being in larger quantity with a lower

viscosity, the grain alignment is favored. If the

temperature increases (840°C and 845°C) the liq-

uid phase becomes more and more important

and less and less viscous leading to its rapid mi-

gration under the pressure toward the sample ex-

ternal part, and so, to a worse texture and

inhomogeneity. In the second case, under the same

temperature of 830°C, the grain disorientation

decreases as the pressure increases. When the

pressure is low and increases from 15.9 to 31.4

MPa, the texture is only improved from 7.6° to

7.25° respectively. Also as the pressure reaches

46.8 MPa, the texture is largely improved with

less than 6.3° of disorientation for 50% of the

grains. However, this high-pressure value does

not allow the total recovery of the sample, because

it is pasted and has reacted with the Ag sheet.

In Table 1 are also reported the samples thick-

ness after sinter-forging (the starting thickness was

5 mm for all the samples, as noti®ed previously).

Showing that the lower the thickness is, the better

the texture, indicating that more the sample has

been ¯atting and deform, higher the texture is, as

expected a priori.

In conclusion, all the samples performed are

rather well textured from 7.6° to 5.55°, whatever

be the sinter-forging conditions. The best tex-

tured sample is obtained at the temperature of

835°C and the pressure of 31.4 MPa (i.e. sample

5), allowing an easy separation of this sample

from the Ag sheet. But, even if the sinter-forging

parameters are optimized according to the tex-

ture viewpoint, the importance of electrical prop-

erties could not be occulted. Section 4 is devoted

to the superconducting properties of the so-

textured samples.

4. Electrical properties

Electrical properties are known to depend on

the texture quality [14]: with similar grain bound-

aries, the best the grain alignment, the higher the

Jc is. Therefore, it is important to obtain the best

Fig. 6. Texture versus temperature (at 31.4 MPa) and pressure (at 830°C).
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textured samples as possible. Fig. 7 shows samples

Jc at 77 K versus their textures. It is important to

notice that Jc does not increase monotonously as

grains samples disorientation decreases. Also one

can observe a random Jc distribution versus grain

orientation. This can be explained by the di�erent

sinter-forging parameters (pressure and tempera-

ture) which lead to di�erent grain boundary

characteristics, and then to di�erent Jc values. In

any way, our grains samples disorientation is too

close from each other (between 5.55° and 7.6°) to

conclude a signi®cant dependence of Jc variation

with the grain alignment. Fig. 8 points out the Jc
dependence with the applied pressure, using the

same sinter-forging temperature of 830°C. The Jc
rises rapidly until the pressure reaches 31.4 MPa;

then, as the pressure increases to 46.8 MPa, the Jc
practically does not change from 470 to 495

A cmÿ2. The texture improvement, shown in Fig.

6, as the pressure increases, can explain this Jc
increase, except for sample 4, sinter forged at 46.8

MPa which is partially pasted with the Ag sheet

and does not allow the good exploitation of this

highly pressed bulk. Therefore, we choose to ®x

the pressure at 31.4 MPa for the following exper-

iments, when varying the sinter-forging tempera-

ture. Fig. 9 shows the Jc evolution when changing

the sinter-forging temperature, but using the same

sinter-forging pressure of 31.4 MPa. All the sam-

ples were both annealed under air and under 7.5%

O2 � 92:5% N2. For all of the annealed samples

under 7.5% O2 � 92:5% N2, the Jc are better than

those annealed under air (Figs. 8 and 9), about

15% more on average. In the samples annealed

under O2, the Jc is improved from 470 to 710

A cmÿ2 as the temperature increases from 830°C to

840°C. At 840°C, the Jc reaches its maximum and

then slightly decreases as the temperature rises to

845°C. The texture grade being not related to the

Jc level, one can explain this result by an im-

provement of the grain boundaries when the

temperature rises from 830°C to 840°C, leading to

a better Jc. On the contrary, the sinter-forging

process decreasing the material melting point [19],

Fig. 7. Critical current density versus texture.
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some decomposition occurs at 845°C decreasing

the Jc under the in¯uence of high applied pressure:

the 2201 phase takes place at the grain boundaries

as already shown by Murayama et al. [27] using

TEM observations. It has e�ectively been estab-

lished that a residual 2201 phase can reduce the

critical current by a factor of 2 [28] and degrades

the grain connectivity [29]. Fig. 9 shows likewise

an improvement of the Tc when the samples are

annealed under 7.5% O2 � 92:5% N2. The Tc fol-

lows the same kind of variation than the Jc with

temperature. The maximum is obtained for 840°C

with a Tc of 89 K.

However, a large Tc transition, leading from 70

to 85 K is observed (Fig. 10). This can explain our

relatively poor critical current density results since

our Jc values have been measured at 77 K, that is

to say, in the middle of the Tc transition. This

wideness of the transition could be caused by

O2 vacancies, so one can think that Jc could be

further improved by a better annealing, and could

lead to a 2201 phase content reduction at the grain

boundaries.

5. Conclusion

The e�ects of the sinter-forging parameters

(pressure, temperature) on the texture and on the

superconducting properties have been studied.

Using the same sinter-forging temperature, it has

been shown that the texture is improved when the

pressure increases. But for high pressure Jc nearly

does not increase, and a too high pressure (45

MPa) does not allow a total sample recovery. This

implies that, the pressure induces a better grain

orientation, but does not improve compulsory the

grain boundaries. Using the same pressure of 31.4

MPa, at 845°C, the phase started to decompose,

and the Jc goes down. Therefore, the optimal

temperature has been found to be 840°C, when

using an optimal pressure of 31.4 MPa, leading to

Fig. 8. Critical current density versus pressure at 830°C.
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Fig. 9. Critical current transport density, Jc, versus temperature at 31.4 MPa and critical temperature, Tc, versus temperature at 31.4

MPa.

Fig. 10. Susceptibility measurement versus temperature for sample 6 (840°C/31.4 MPa).
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a Jc of 710 A cmÿ2. Annealing under air and under

7.5% O2 � 92:5% N2 has been performed, and has

shown that the Jc is improved of about 15% and

Tc of about 1 K when the samples were annealed

under 7.5% O2 � 92:5% N2. According to the

rather good texture obtained by our sinter-forging

method compared to results obtained using lower

pressure [2±24] and taking into account the results

claimed by di�erent authors for Bi-2212 tapes, we

would have expected better transport critical cur-

rent density, Jc, for this bulk materials. The large

superconducting transition observed after anneal-

ing for our samples shows that our sinter-forging

process, very e�cient to texture the material, must

be completed by an optimization of the annealing

of the ceramics which cannot be traced on the one

used for others processes. Optimization of an-

nealing conditions should be done to improve

critical current transport density by reducing the

2201 phase amount at the grain boundaries and

the Tc transition wideness. In any case, even if our

sinter-forged material exhibits relatively low Jc
value compared to 2212 Ag-sheated tapes (23 000

A cmÿ2 at 75 K, 0 T [30]), one must consider that

the sinter-forging process enable to obtain massive

bulk ceramics, di�erent from tapes, which can be

useful for current limiters and current lead appli-

cations.
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