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Textured Bi2Sr2CalCu2Ox/Ag tapes prepared by "powder-in-tube" method and partial melt process were studied. A new model 
of texture formation during partial melt technology was proposed for Bi(2212 )-Ag composites. The model is based on anisotropic 
Bi(2212 ) crystalline growth from melt in quasi-two-dimensional volume and explains a wide set of experimental data. The com- 
puter simulation of the growth process according to the suggested model was carried out. The factors promoting the texture 
increase were revealed. 

1. Introduction 

The interest in Bi (2212)-based tapes is caused by 
the possibility of  using them in superconducting 
magnets for high magnetic fields at liquid helium 
temperatures because the current carrying capacity 
o f  this material at high magnetic fields exceeds the 
capabilities of  the traditional low-To conductors. For 
example, critical current densities greater then 104 
A / c m  2 at 4.2 K in magnetic fields greater then 20 T 
have been reported for 2212-based tapes [ 1 ]. It is 
known that HTSC has a strong anisotropy of  super- 
conducting properties, which is why a strong crys- 
tallographic texture of  real conductors needs to be 
formed. The mechanisms of  texture formation in 
HTSC can be various: from stacking texture arising 
from a powder compaction process to deformation 
texture during thermal-mechanical treatment [2-5 ]. 

The best 2212-based conductors with high Jc have 
been produced by a so-called partial-melt heat treat- 
ment [6].  The microstructure of  the oxide zone 
formed under partial-melt heat treatment has been 
investigated rather thoroughly. It was observed [ 7 -  
9 ] that when the oxide thickness is less than hcdt= 20 
~tm, a well-aligned microstructure with plate-like 
grains is formed. When the oxide layer is thicker than 

heat, two zones with different microstructure are ob- 
served: a highly textured microstructure near the ox- 
ide/Ag interface, and a weakly textured region in the 
middle o f  the tape. It was revealed that some factors 
resulted in texture strengthening. They are the ex- 
ternal form of  the superconductive composite, the 
tape thickness, the annealing temperature, the cool- 
ing rate, and Ag as a sheath material [ 6 ]. But the 
reasons for the process under partial-melt heat treat- 
ment were not discussed. We suggest a concept of  the 
texture formation mechanism during thermal treat- 
ment with partial melting of  Bi (2221 ) -Ag compos- 
ites in this paper. 

2. Procedures 

Composites were obtained by the "powder-in- 
tube" method with powder composition 
Bi4Sr3Ca3Cu4Ox as a precursor. The process was de- 
scribed in detail early in paper [ 10 ]. The samples in 
the form of  Ag-sheathed tapes (0.1 X3.4 m m  2 and 
0.2 X 3.4 mm 2 in cross-section) with a Bi (2212) core 
were annealed at various temperatures, Ta, after fi- 
nal deformation. The cross-section of  the oxide core 
has a lens-like shape with maximum thickness of  
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about 30 and 50 ~tm for composites with thicknesses 
h--0.1 mm and h=0.2  mm, respectively. 

X-ray diffraction analysis was carried out on a 
powder DRON-3 diffractometer with a texture at- 
tachment. X-ray spectra were treated according to 
procedures described in ref. [ 11 ]. Parameters of  the 
X-ray physical diffraction lines (diffraction lines after 
correction of instrumental aberrations) were ob- 
tained. The profile fitting methods [12] were used 
to deconvolute diffraction multiplets. The convolu- 
tion of the instrumental function (the function re- 
flecting the instrumental aberration of physical spec- 
tra) with Lorentz-like curves, i.e. [ 1+ ( ( ~ -  Uo)/ 
b)2] -n, n - - 1 - ~  was used for the shape functions. 
The best fit was obtained for n = 1-2. Background 
(polynom of 2-4 degree) was refined simultane- 
ously. The instrumental function was computer sim- 
ulated [ 11 ]. 

The X-ray data obtained were used for quantita- 
tive texture analysis [13 ]. We calculated such tex- 
ture parameters as half-width of the texture maxi- 
mum, fl, and volume fraction of crystallites whose 
[001 ] normals are distributed in a cone angle _+ 5 ° 
around the normal to the tape plane, I/5. Direct pole 
figures (DPF) were built according to the conven- 
tional tilting method [ 14 ]. 

The critical current measurements were carried out 
by 4-probe mode at 4.2 K in H = 0  T with a 0.1 p.V/ 
cm criterion. Then the critical current densities were 
calculated. The electrophysical and texture data and 
also fabrication condition data are shown in table 1. 

3. Experimental results 

The X-ray phase analysis has shown that the 2212 
phase is predominant, the main impurity being 2201 
phase with a volume fraction of 10-15%. The fol- 
lowing parameters were varied during the sample 
fabrication: composite thickness, h (0.1 and 0.2 
mm) ,  temperature of final annealing, Ta (860, 870, 
880 °C). After annealing for 10 h the specimens were 
cooled at a rate of  60°C/h. 

There is an explicit correlation between J¢ and Ta 
(fig. 1 ). The increasing of the annealing temperature 
from 860°C to 880°C leads to Jc increasing by 8-10 
times in magnitude. J¢ of  the samples with h = 0.1 

mm exhibit an especially sharp dependence. 
The direct pole figures (001) and {1115} (fig. 2) 

were registered in detail for the samples A21 and A l 
(table 1 ) whose critical currents had been quite dif- 
ferent. The typical basal (001) texture for such sam- 
ples had been formed. There is a single strong com- 
pact central maximum.with a weak diffuse part on 
DPF (001 ), the shape of this compact texture peak 
being almost round. The texture maximum in the 
A21 sample is significantly stronger and narrower 
than in the A1 sample. The DPF {1115) shows the 
distribution of the crystallographic normals in the 
rolling plane. There is a weak component of the roll- 
ing texture in the sample A21. Consequently, the tex- 
ture type of the studied samples is the same but its 
power is varied considerably. 

To compare quantitatively the sample texture, we 
registered two rocking curves (cross-sections of  
(001) DPF) for each sample. Rocking curves along 
and across the rolling direction differed insignifi- 
cantly. The half-widths of the maxima in DPF cross- 
sections, fl, and the second texture parameter, Vs, 
were determined. Figure 3 shows the critical current 
density Jc versus the texture parameters. The texture 
becomes stronger (i.e. increasing V5 and decreasing 
fl) as the Jc becomes greater. It is obvious that J¢ de- 
pendence is not saturated yet. So it is ascertained that 
the current carrying capacity of  the composites di- 
rectly depends upon texture, and further texture in- 
crease will undoubtedly increase the critical current 
density. The formation of the stronger texture takes 
place at higher annealing temperatures (880°C) in 
the thinner composite tape (0.1 mm).  Table 2 con- 
tains some structural features of  the studied samples: 
lattice unit parameters, microstrains and coherent 
scattering domain sizes along the [001 ] direction. 

As one can see from table 2, increasing the an- 
nealing temperature gives rise to a slight increase of  
the lattice unit parameter and substantial increases 
of the microdistortions and coherent scattering do- 
main sizes. 

4. Model of texture formation 

The influence of the sample thickness on its tex- 
ture could be explained by the inhomogeneous struc- 
ture in the tape cross-section. When the oxide layer 



T.D. Aksenova et aL / Texture formation in Bi 2Sr 2Ca lCuzOx/Ag tapes 

Table 1 
Critical properties and texture parameters of the samples 

273 

Sample Sample Heat treat- 4.2 K, 0 T 
No. thickess merit, 10 h 

(mm) Ic (A) Jc ( 104 A/cm 2) 

fl (deg) v5 (%) 

Al 0.1 860°C 2.7 0.5 
A2 0.1 870°C 30.0 5.0 
A21 0.1 870°C 36.5 6.1 
A21a a) 0.1 870°C - - 
A3a 0.1 880°C 48.1 6.7 
B1 0.2 860°C 5.0 0.6 
B2 0.2 870°C 20.0 2.3 
B3 0.2 880°C 57.8 5.3 
B3a 0.2 880°C - 
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Fig. 1. The critical current density dependence on annealing tem- 
perature for the tapes with 0.1 and 0.2 mm thickness. 

is thicker than hcrit = 20 ~tm, two zones with different  
microstructures  are observed [ 7 -9  ]. The total  thick- 
ness o f  the oxide core in the s tudied tapes d id  not  
exceed 2hcrit, so it can be supposed that  a significant 
par t  o f  the HTSC volume has a highly aligned struc- 
ture. In reality, the bulk texture was observed in the 
s tudied samples - var ia t ion o f  texture versus depth  
was not  detected.  

A homogeneous  texture state was also witnessed 
by the t ranspor t  propert ies:  i f  the high current  ca- 
paci ty  zone exists jus t  near  the A g - H T S C  interface 

then one should observe the same critical currents Ic, 
but  different critical current  densit ies J¢, for com- 
posites with the same texture parameters  but  differ- 
ent thicknesses. But it is obvious (see fig. 3, samples 

AI  and B1, A2 and B3) that  an identical texture state 
of  composi tes  corresponds to equal J¢ (but  not I¢) 
which is independent  on the sample thickness. Thus, 
i f  the layers without  highly aligned grains as in refs. 
[ 7-9  ] exist in the middle  o f  the oxide core in our 
samples, their  volume parts are negligible and these 
layers do not  influence the structural  and  electro- 
physical  propert ies.  

A "mel t  mode l"  is proposed  here to interpret  the 

existing collection o f  structure and critical current  
data  described in this paper  and in many  others [7 -  
9, 15-20] .  

At first let us consider  the process o f  Bi (2212 ) ce- 
ramic melt  crystallization in "flat tened volume",  i.e., 
in a volume l imited by two Ag sheets, in the ideal 

condit ions.  It is known that  a great anisot ropy of  
growth rate along different  crystal lographic direc- 
t ions is inherent  to HTSC crystals. That  is why single 
crystals of  HTSC grown from melt  always have a flat 
form with crystallographic directions [001 ] along the 
smallest  facet. The growth rates along the [001 ] and 
[ 100 ] diredtions differ by at least one to two orders  
of  magnitude.  For  example,  in ref. [21] Bi (2212)  
single crystals were observed with d imensions  
20 × 5 × 0.3 m m  a, while N d - C e - C u - O  single crystals 
grown by spontaneous crystal l izat ion had  dimen-  
sions 50 × 50 x 0. l m m  a [ 22 ]. The plate shape o f  the 
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Fig. 2. Direct pole figures (001) and { 1115} for samples A21 (a) and A1 (b). 

single crystals arises from the anisotropy of growth 
rate. 

We suppose that Bi(2212) grains are almost or 
quite completely melted during the process. The ori- 
entation of nuclei of crystallization appearing in the 
melt during cooling is supposed to be random (fig. 
4). Impurities and the part of the oxide not melting 
may also serve as crystallization centers. A crystallite 
whose orientation is not favorable (i..e. with the 
[001 ]-axis diverging from the normal to the com- 
posite plane) grows rapidly until its growth surface 
comes into contact with the Ag sheet, when the 
growth process slows down and continues slowly 
along the [001 ] dimension. Crystallites with the 
[001 ]-axis direction coinciding with the plate nor- 

mal grow rapidly along the composite plane and ac- 
cept almost all volume of melt. As a result, even if 
centers of  crystallization initially have no preferred 
orientation, a stron& concentration of [001 ]-axes 
near the plate normal will be observed - the aniso- 
tropic growth of crystallites in the quasi-two-dimen- 
sional melt volume provides it. Moreover, recrys- 
tallization processes may take place. So a strong basic 
texture forms in composites during thermal 
treatment. 

Our "melt model" is based upon the following 
suppositions: 
( 1 ) high anisotropy of crystalline growth rate; 
(2) quasi-two-dimensional crystallization space. 



T.D. Aksenova et al. / Texture formation in Bi2Sr2CalCu2Ox/Ag tapes 275 

E 
o 8- 

k 
o 

~6 
-3 

>1 

c 4 
75 

~2 

0 

0 
0 
~0 
'c 0 
<9 

Texture max 

)A2 

lO 20 

ha l f -w id th ,  /~, 

~ B1 

3o 

deg. 

'E 
o 8  

< 

o 

- -3  

>i 
, m  
O0 
c 4 
~) 

- 0  

~_2 

j 

' ~ o  
'U" 1 

A1/ ( 
I 

B3® 

A2y 
/ 
®B2 

20 40 

Texture po rome te r  V 5, 

f 
2i  

60 

Fig. 3. The dependence of critical current density on texture pa- 
rameters: half-width of texture maximum, fl (a), and volume part 
of crystallites with [001 ] normals distributed in a cone angle _+ 5 ° 
around the tape plane normal, V 5 (b). 

5. A computer simulation of texture growth 

A computer simulation was carried out for the 
model and quantitative estimates to be obtained. A 
mathematical model of anisotropic grain dynamic 
crystallization in quasi-two-dimensional crystalliza- 
tion space was invented. 

Let us consider crystalline growth in a thin layer 
(layer thickness, d, is much smaller than its other di- 
mensions). We suppose spontaneous crystallization 
in the whole substance volume, ignoring possible ef- 
fects connected with temperature gradient during 
cooling and also the process of  the recrystallization, 
i.e. initial nucleus concentration does not change, the 
nuclei are disposed homogeneously and they have 
random orientation. The crystal growth proceeds with 
constant rate depending on direction v(S);  more- 
over, an oxide crystallite has a particular direction 
([001 ]-axis in the Bi(2212) phase), along which 
the growth rate, v,i, is much smaller than the growth 
rate along perpendicular directions (any direction in 
the (001)-plane), v_~. The growth process can be 
stopped by the coming into contact of one crystallite 
with another or with the Ag sheath. The volume part 
of crystallites with particular orientation in the sub- 
stance, v(O), can be calculated; 0is the deflection an- 
gle of the crystalline [001 ]-axis from the sheath nor- 
mal. The crystalline growth can be expressed by the 
following term: 

dV(O) 
= ~ dS(v(S)PvPd)  ( 1 ) 

dt 

where v (S)  is the crystalline growth rate in the S di- 
rection, Pv the probability that a single crystallite will 
not be counteracted by a neighboring crystallite dur- 
ing growth, and Pd the probability that a single crys- 
tallite will not be counteracted by a Ag sheath during 
growth. We shall write: 

Pv = 1 Z Vcryst (2) 
Vsample  ' 

because of the absence of correlation between crys- 
talline nuclei. 

So Pv is a function of time solely. Then Pv can be 
excluded from eq. (1) as follows: P~(t)dt=dr.  

dV(O) 
- ~ d S ( v ( S ) P ~ ) .  (3) 

dr 

Thus we reduce our problem to that of solitary mi- 
crocrystallite growth limited by layer surfaces. More- 
over, we are interested only in the final results when 
the growth of all the crystallites has stopped (limits 
t - - ,~  or r - - ,~,  then Pv=0)  and the crystallites fill all 
the oxide layer. 
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Table 2 
Structure parameters of studied samples 

Sample Lattice parameters Microdistortion 
(nm) <~><oo,> (10 -3) 

a c 

Coherent 
scatt, domain 
size 
<D> <ooI> (nm) 

AI 0.5386(3) 3.0716(9) 1.7(2) 
B1 0.5397(8) 3.0701(5) 1.7(3) 
A2 0.5396(2) 3.0718(7) 7.0(2) 
A21 0.5397(3) 3.0748(5) 3.4(3) 
B2 0.5391(3) 3.0705(9) 5.7(2) 
A3 0.5413(9) 3.0788(4) 13.0(4) 
B3 0.5404(6) 3.0757(5) 4.9(3) 

29(4) 
32(3) 
65(5) 
69(4) 
86(3) 
76(2) 
63(2) 

Fig. 4. Schematic view of texture formation during oxide crystal- 
lization process. 

To solve this problem, we suppose that a fiat crys- 
tallite is placed along the main crystallographic axis. 
The following equations can be obtained after av- 
eraging along the distance from the layer surfaces (let 
us denote l=2v±z/d and ¢=arctg(vN/v± ): 

V( O, L ) s~nn o[tg(min( O, ~) ) 

+ ~ [ f (  l-,sin(O+~)]cos~ / 

where function f i s  determined as 

~X 3, x>O 

f=[ o, x<O' (4) 

and l is determined from normalization conditions: 

n / 2  
t l  

Po I V(O,I) s i n 0 d 0 = l  , (5) 
0 

where Po is crystalline nucleus concentration. 
Figure 5 shows curves calculated according to eqs. 
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Fig. 5. Theoretical profiles of texture maximum: vJ  
v± = const = 0.02 and tape thickness correlation dt : d2: da = 1 : 2: 4 
(curves l, 2, 3 accordingly ); and experimental profiles of texture 
maximum for the samples A 1 and A21. 
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(4) and (5) for v±/v,t = 1-50 in comparison with our 
experimental DPF cross-sections. The theoretical 
curves visibly demonstrate the texture strengthening 
with decreasing oxide layer thickness. It can be noted 
that the half-width of the theoretical curves is 6-20 
degrees, which is in quantitative agreement with the 
experimental data (see fig. 5 and table 1 ). 

According to the model, anisotropy of crystalline 
growth rate is essential for texture formation - sub- 
stances with isotropic rates will not form texture at 
any layer thickness (see fig. 5 ). The theoretical half- 
width of the texture maximum dependences versus 
oxide layer thickness and growth rate anisotropy (fig. 
6) demonstrate texture increase with v J v ±  and de- 
crease with layer thickness. It should be noted that 
in the framework of the presented model there is no 
texture saturation effect in the whole range of pa- 
rameters. As follows from the obtained equations (4) 
and (5), the texture degree also increases with de- 
crease of nucleus density Po which could be altered 
by the cooling rate. It is obvious that Po increases with 
cooling rate. 

Thus, the high texture arises due to the crystalli- 
zation process from the melting state inside a quasi- 
two-dimensional volume even without any temper- 
ature gradients. 

6. Discussion 

Let us use this model for the interpretation of the 
experimental data. Ag sheets play the role of the case 
and provide the flat shape of the melt volume that 
gives rise to an extended texture because of growth 
features of a 2212 crystallite (growth mainly in the 
(001 ) crystallographic plane). According to our 
model, change of melt space geometry must lead to 
texture disappearance. This conclusion is verified in 
ref. [ 1 ] - the 2212 phase present in round wires after 
a partial melt heat treatment did not exhibit any sig- 
nificant texture. 

It is also obvious that there is a second conclusion 
in the framework of our model: increasing the thick- 
ness of a flat shape composite must decrease the de- 
gree of texture. There are several publications [ 15- 
17 ] where critical current density grows with de- 
creasing tape thickness. When the thickness of the 
composite decreases to ~ 0.2 mm, the J¢-h curve has 
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Fig. 6. Theoretical half-width of the texture maximum as a func- 
tion of parameter pod 3, characterized oxide layer thickness (vu/ 
v± =0.02) (a), and growth rate anisotropy (p0d3=0.6) (b). 

a slight inclination, further decrease of thickness 
leading to sharp Jc growth. The sloping part of the 
Jc-h curve is connected with the changing of non- 
textured regions in the oxide layer [ 7 ]. Our model 
may explain the sharp fragment of the J¢-h curve. 
Really, the thinner the composite, the more quickly 
unfavorably oriented crystallites come into contact 
with the Ag sheet and slow down the growth and then 
the higher the texture degree and consequently the 
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higher the critical current density will be. These phe- 
nomena are observed in refs. [15-17] and fig. 1. 

Texture intensification in the studied samples with 
rise of annealing temperature is connected with in- 
creasing melt volume fraction. At low temperature 
(860 ° C) the melting of grain boundaries takes place. 
Tight surface forces may cause the reorientation of 
a plane crystallite according to its form. This is an 
additional texture producing mechanism. On raising 
the annealing temperature from 860 to 870-880°C, 
the volume part of  the melt phase grows and con- 
sequently, in accordance with the proposed model, 
texture intensity grows too. It is probable that cen- 
ters of crystallization that have been created during 
the preliminary thermo-mechanical treatment can 
have a preferred orientation. This can further im- 
prove the texture perfection. 

According to the model, samples with higher tex- 
ture must consist of  larger crystallites. From table 2 
one can see that samples treated at 870°C contain 
crystallites ~ 2-3 times thicker than samples treated 
at 860°C. 

It is necessary to note that many articles [7,18] 
inform us that Ag causes the decreasing of the 
Bi (2212) melting point. So, it can be supposed that 
Bi (2212 ) oxide lying near a Ag-oxide interface may 
be in a fully melted state at the annealing tempera- 
tures. At the same time the composite core may be 
in a solid state. According to the proposed model, 
the solidification of Bi(2212) melt in a thin layer 
near the Ag-oxide interface will provide the high de- 
gree of  texture in this layer, but the composite core 
will not be highly textured. The changing of texture 
perfection from the Ag-oxide interface to the core of 
thick composite (h~>20 ~tm) [7-9] can be ex- 
plained by this feature. 

It can be expected from the "melt model" that de- 
creasing the cooling rate (smaller density of  nuclei) 
and cycle heat treatment within the temperature area 
of Bi(2212 ) crystallization will result in texture im- 
perfection. The first of these suggestions is con- 
firmed in a lot of papers [ 19,20 ], where it was shown 
that texture degree, and accordingly J¢, are higher in 
samples with slow cooling rate (2 -20°C/h)  than with 
more rapid cooling. 

Nevertheless, the oxide layer thickness will have to 
not exceed 30-50 ~tm (fig. 6) because of the essen- 
tial half-width of the texture maximum increasing 

and, consequently, the critical current density de- 
creasing ( ~< 104 A/cm2), which are inconvenient for 
technological applications. Therefore, to produce 
HTSC cable there has been constructed a multi fila- 
ment composite with fiat fiber configuration and with 
fibers no thicker than 30-50 ~tm (the thinner the 
better, because there is no texture saturation effect 
with the oxide thickness decrease). 

7. Conclusions 

Bi2Sr2CalCU2Ox textured tapes were prepared by 
"powder-in-tube" method and partial melt process. 
Texture increase results in a current carrying capac- 
ity increase. A new model of  texture formation dur- 
ing partial melt technology was proposed for 
Bi(2212)-Ag composites. The model is based on an- 
isotropic Bi (2212 ) crystalline growth from the melt 
in quasi-two-dimensional volume and explains a wide 
set of  experimental data. The computer simulation 
of the growth process according to the suggested 
model was carried out. Results of the computer sim- 
ulation are in good agreement with experimental 
data. It was obtained that the following factors pro- 
mote the texture increase: 
( 1 ) reduction of the crystallization nucleus density 
by slowing down the cooling rate, decreasing the 
Bi(2212) layer thickness and decreasing the con- 
centrations of  impurity solid particles in the melt; 
(2) formation of preferred orientation of the crys- 
tallization nuclei by preliminary thermo-mechanical 
treatment or cycle heat treatment within the tem- 
perature area of Bi(2212) crystallization. 
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