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Abstract

Silver-sheathed bismuth-based (Bi,Pb),Sr,Ca,Cu;0,(2223) tape is prepared by the powder-in-tube process from a
precursor powder which consists of (Bi,Pb),Sr,CaCu,0,(2212), (Ca,Sr),PbO,, Ca,Cu0,, CuO, (Ca,Sr),,Cu,,0,,
Bi,(Sr,Ca),Cu0,(2201). Silver layers are found to_greatly promote the formation and texturing of the 2223 phase. The
evidence is defined as silver-induced texture (SIT). The previously defined reaction-induced texture (RIT) for the 2223 phase
is also confirmed at the same time. The Pb loss is appreciable due to the removal of the broad silver layers while the Pb loss
is negligible when only the lateral layers are removed. X-ray photoelectron spectroscopy (XPS) shows that Pb** released
from Ca,PbO, enters the BiO plane of the 2212 phase to replace Bi** as Pb?* to make 2223 nucleate. Auger electron
spectroscopy (AES) depth profile analysis shows that the oxygen out-diffusion through the silver sheath is very rapid. The
mechanism of SIT is proposed to be a combined effect of preventing Pb loss the during high temperature reaction to 2223,
supplying a fast out-diffusion path for oxygen produced during 2212 to 2223 transformation, inducing liquid formation to
accelerate atomic diffusion, and preferably promoting plate-like grain growth with the a—b plane parallel to the broad layer
by a quasi-two-dimensijonal space. © 1997 Elsevier Science B.V.

Keywords: Silver-induced texture; Reaction-induced texture; Auger electron spectroscopy; X-ray photoelectron spectroscopy;
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1. Introduction (PIT) process. Accordingly, the mechanism of 2223

texture formation must be well understood to moni-

Texturing of the (Bi,Pb),Sr,Ca,Cu,0,(2223) tor the process of preparing technologically interest-

phase is essential to obtain a high-J, silver-sheathed
2223 tape (Ag/Bi(2223)) by the powder-in-tube
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ing composites. So far, many researchers have inves-
tigated the texture formation mechanism of the 2223
phase [1-18]. Some earlier authors thought the tex-
turing of 2223 phase is a complex process and
related with the combined contribution of deforma-
tion, heat treatment and the silver layer [1-3]. Re-
cently, Merchant et al. [4] found that significant
texturing of 2223 grains occurred as the 2223 forma-
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tion reaction took place and thus proposed a reac-
tion-induced texture (RIT) mechanism. In fact, this
mechanism has been observed during 2223 phase
formation in bulk preparation [5]. More recently,
Grasso et al. [6] found that 2212 grains in unreacted
Ag/Bi(2223) tapes at the end of the cold-rolling
process show already a high degree of texture, which
further resulted in a higher average texture of 2223
grains and thereby a higher critical current density of
Ag/Bi(2223) tape. Hence they described the mecha-
nism as deformation-induced texture (DIT). What-
ever mechanism is described, none of the researchers
neglects the role of the silver layer in the formation
and texturing of the 2223 phase [1-4,6]. It has been
widely believed that Ag positively encourages grain
alignment and formation of the 2223 phase [1-4,6—
9], but the mechanism by which this occurs is un-
clear in many aspects. Fortunately, some instructive
phenomena have been found:

(1) A trace of liquid formation during 2223 phase
formation was observed at the Ag /2223 interface by
HRTEM [10].

(2) Studies of the microstructure of the Ag/2223
interface by HRTEM showed that there was no fixed
orientation relationship between silver layer and tex-
tured 2223 grains [11].

(3) The 2223 phase preferably formed at the
Ag/oxide interface and both the density and degree
of texture near the Ag/2223 interface were higher
than those near the core of the tape [12-14].

(4) There exists a low eutectic point in the Ag—
BiPbSrCaCuO system and the existence of silver
reduces the melting point of the composite tape by
about 10-15°[15-18].

(5) Oxygen diffusion in the silver layer is quick
[19,20].

The typical powder-in-tube process begins with
the partially reacted powder with 2212 as the main
phase (the balancing phases are Ca- or/and Cu-con-
taining phases such as Ca,PbO,, CuO, Ca,Cu0O, to
make a nearly 2223 composition). So the formation
and texturing of the 2223 phase may develop simul-
taneously and interact between each other. Kessler et
al. thought that the oxygen partial pressure (Poz) is
lowered inside the sheath and thereby the 2223 phase
formation is promoted [21]. But they did not consider
whether oxygen will be depleted or produced during
2223 phase formation. Considering the oxygen be-

havior, there are three possibilities for 2223 phase
formation in an Ag/Bi(2223) tape:

(1) If the reaction between 2212 and second
phases (hereafter denoted as SP for clarity) to form
the 2223 phase depletes O,, i.e.,

2212+ SP + 0, — 2223 (1)

the lowering of P, will not favor the 2223 phase
formation.
(2) If the reaction produces O,, i.e.

2212+ SP - 2223 4+ O, (2)

the lowering of P, will accelerate the 2223 phase
formation.

(3) If the reaction neither deplets nor produces
O,, ie.
2212 + SP — 2223 (3)

the 2223 phase formation will not be related to Py,
In fact, the 2223 phase formation in the
Ag/Bi(2223) tape is strongly dependent on Py,
[21]. There exists an optimal P, for the 2223 phase
formation in the Ag/Bi(2223) tape at a fixed tem-
perature [21]. For example, the optimal Py is 6 X
10° Pa at 7=830°C (lower than P,_ in air). Under
this condition, the 2223 phase content was higher
than 80% after the tape was sintered for 20 h, while
the tape sintered in air for 20 h contained only 2%
2223 phase. So above case (3) will not be possible.
Zhu et al. [22] thought that it was case (2) that really
happened. So it is essential to clarify the oxygen
behavior when considering the effect of the silver
layer on the texture growth of the 2223 phase.
Many experiments [23-25] have shown that J, is
the largest in the layer near the silver sheath due to
the better microstructure. Larbalestier et al. [23] found
that across the width of the Ag/Bi-2223 tape the J,
of the middle strip is about 3-5 times smaller than
that of the side strips due to the better alignment and
phase purity at the sides of the tape than in the
center. Lelovic et al. [24] demonstrated that across
the thickness of the Ag/Bi-2223 tapes, there is also
an inhomogeneity of J,. A layer about 10 wm thick
adjacent to the broad silver layer can transport cur-
rent density as high as 1.1 X 10° A /cm? at 77 K and
zero applied field. Welp et al. {25] recently obtained
ahigh J, (77K, 0T) up to 8 X 10* A /cm? in a 2-3
wm thick layer close to the silver sheath where the
highly textured monophasic 2223 phase exists, by
magneto-optical imaging technique to map spatial



C. Mao et al. / Physica C 281 (1997) 159-175 161

variation. These results firmly confirm that the silver
sheath, not only its broad layers but also its lateral
layers, contributes to the formation and texturing of
the 2223 phase. -

To make further understanding of the role of the
silver layer for texturing and formation of the 2223
phase, we investigate the effect of the broad and
lateral silver layers on the texture growth of the 2223
phase and the oxygen behavior during the 2223
phase formation.

2. Experimental details
2.1. Preparation of Ag / Bi(2223) tape

The standard PIT process was used to prepare a
silver-sheathed Bi(2223) composite tape. The precur-
sor powder was prepared by oxalate coprecipitation
with the nominal composition of Bi, ¢Pbg 4Sr, -
Ca,,Cu, oO,. After the oxalate precursor had been
calcined at 800°C for 20 h, BiPbSrCaCuO powder
was obtained with main phase compositions of
(Bi,Pb),Sr,Ca,Cu,0,(2212), (Ca,Sr),PbO,, CuO

o

Fig. 1. Schematic illustration of the sample with different silver
layer configurations; for details about A-D see text, E indicates
the position where AES was done.
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Fig. 2. Heat treatment time dependences of (2) f,3, (B) Fapps
and (c) Fyyys-

and minor phase compositions of Ca,CuO;,,
(Ca,Sr),,Cu,,0,;, (Bi,Pb),Sr,Cu0,(2201). The as-
ground powder (in argon) was packed into a silver
tube (I.D. = 6.9 mm, O.D.=9.8 mm) in argon, and
the tube was sealed with copper columns. Then it
was swaged and drawn into wire (O.D.= 1.4 mm).
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The wire was further cold-rolled into thin tape (0.15
mm in thickness and 4 mm in width) in two passes.
The superconducting cores were typically 3 mm
wide and 80 pm thick.

2.2. Preparation of composite tape with different
silver layer configurations

Tens of short samples (~ 3 cm in length) were
cut from the above as-rolled long tape, and the
samples with different silver layer configurations
were prepared as follows:

(1) As-rolled tape (group A), the broad surface of
the oxide layer was labelled as A.

(2) Both lateral silver layers were cut longitudi-
nally until the black powder had just been exposed,
and then the silver layer on one broad surface of the
tape was peeled (group B). The so-exposed wide
surface of the oxide layer was labelled as B and the
counter surface of the oxide layer, namely Ag/oxide
interface, was labelled as B -+ Ag.

(3) One lateral silver layer was cut as (2) {group
C), and the non-exposed broad surface of the oxide
layer was labelled as C.

(4) Both lateral silver layers were cut as (2)
(group D), and the non-exposed broad surface of the
oxide layer was labelled as D.

The above configurations and definitions of sur-
faces of the oxide layers are illustrated in Fig. 1.
Each sample was heated at a rate of 1.5°C/min,
sintered at 830°C in air for 0-400 h and then
quenched to room temperature in air.

2.3. Characterization of sample D

The phase composition and degree of texture of
the oxide layer were determined by X-ray diffraction
(XRD) on a Rigaku D-S X-ray diffractometer with a
Cu target. The silver layer on the wide surface
should be peeled off to be subjected to XRD analy-
sis. The 2223 phase content was defined as follows:

— 70010 0010 003
f2223'—]2223 ([2223 +12212 (4)

Fig. 3. SEM micrographs of the fractured transverse cross sections of A, B, C, D sintered for 3000 min.



C. Mao et al. / Physica C 281 (1997) 159175 163

and the degree of texture of the 2223 phase and of
the 2212 phase were defined as follows, respectively:

Frp = 12932130/[2121253’ - (5)
Fopn= 159182/12125152 (6,)

where I'*! was the integrated intensity of (hkl)
reflections of phase x (x = 2223 or 2212).

The microstructure of the oxide layer near the
core of the tape was observed by scanning electron
microscopy (SEM) on a Phillips PSEM-500 SEM
coupled with an EDAX system.

Elemental analysis by atomic absorption spec-
troscopy (AAS) was performed on the powder that
was taken as completely as possible from the core of
some heat-treated samples.

Auger electron spectroscopy (AES, Perkin Elmer,
PHI600 AES Spectrometer) depth profiling measure-
ments were done on the upper peeled silver layer
beginning from the Ag/oxide interface as shown in

Fig. 1(e). The Ar* sputtering speed Z is estimated
by the following formula [26]:

Z=MSj,/pN,e (7)

where M is the atomic mass of the target, p the
mass density in kg/cm®, N, the Avogadro constant,
e the elementary charge (1.6 X 10™° C), S the sput-
tering yield in atoms per argon ion, and j, the
density of incident ion beam in A /m?. In our experi-
ment, j, is about 0.001 A/m” and the target can be
regarded as silver (M =47, p=10482 kg/m?), for
which S is about 3.5 [27], so we can get Z= 10
nm/min. To get rid of the black oxide adhered on
the internal silver layer surface during peeling, dia-
mond emery paper was used to slightly polish away
the black oxide until the white silver surface without
obvious black oxides was seen. The surfaces of the
cores of the green and sintered tapes of the group A

Fig. 4. SEM micrographs of the fractured transverse cross sections of A, B, C, D sintered for 12000 min.
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sample were subjected to X-ray photoelectron spec-
troscopy (XPS, Perkin-Elmer PHI 5400 ESCA sys-
tem with an Mg target).
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Fig. 5. Parallel AES depth profiles of {a) Ag, Cu, O and (b) Ag, O

on the inner broad silver surface in sample A sintered for 1800

min, (¢) Ag, O on the outer silver surface of sample A sintered for
1800 min.

3. Results
3.1. XRD characterization

Fig. 2 depicts the heat treatment time dependence
of fo03s Fopy and Foy,,, respectively. It should be
noted that F,,,, of sample A and F,,,, of sample B
were not calculated due to the inexistence of the
corresponding (115) reflections in the XRD patterns.

1t is found that the f,,,;—t curves of groups A, C,
D are all S-shaped, the incubation periods are 100,
200 and 250 min, respectively. The rate of the 2223
phase formation decreases in the sequence of groups
A, C,; D, B. For sample B, when the sintering time is
20400 min, only ~ 2% 2223 forms. Moreover, the
degree of texture of the 2223 phase increases with
the 2223 phase formation, consistent with the RIT
mechanism described in Ref. [4]. The rate of the
2223 texture formation also decreases in sequence of
groups A, C, D, However, the texture factor for 2212
does not change significantly over the course of the
heat treatment which is also consistent with the
result in Ref. [4]. Our results show that the texture
formation of the 2223 phase is enhanced not only by
the silver layer but also by the reaction to form the
2223 phase. The latter is the previously defined
reaction-induced texture (RIT) [4]. The former can
be defined as a silver-induced texture (SIT). The RIT
may come from the preferential growth of oriented

2223 grains [4]. The SIT will be described in Section
4,

3.2. SEM characterization

Figs. 3 and 4 show SEM pictures of the fractured
transverse cross sections of samples A, B, C, D
sintered for 3000 and 12000 min, respectively. It
shows that the degree of texture of the 2223 phase
increases with time for each group (A, C, D), and the
degree of texture decreases in the sequence of A, C,
D at a fixed time, which is consistent with the XRD
resuits.

3.3. AES characterization
Fig. 5 shows the parallel AES depth profiles of

Ag, Cu, O and Ag, on the inner silver layer surface
with adhered black oxides removed by the diamond
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emery paper in sample A sintered for 1800 min. The
parallel AES depth profiles of Ag and O on the outer
silver layer surface are also shown. Fig. 6 shows
AES spectra for 0 min sputtering and 18 min sputter-
ing in Fig. 5(a), 20 min sputtering in Fig. 5(b). One
can find from Fig. 5(a), an obvious oxygen-rich layer
(~ 100 nm) and a copper-rich layer between Ag and
the superconductor. Since the oxygen diffuses
through Ag very rapidly (at 830°C, the oxygen diffu-
sion coefficient in Ag is D =2.42X 107> cm?/s)
[28], a distance of 100 nm can be traversed in far
below 1 min estimated as (D7)'/2. Therefore, the
oxygen-rich layer can not be regarded as a diffusion
layer. It results from the presence of the oxide
contaminants in the sheath near the surface after the
inner silver surface adhered with oxide has been
slightly polished. Considering the observation of a
copper out-diffusion layer by Hua et al. [29], the
copper-rich layer may result from the presence of
metallic contaminants followed by an out-diffusion

layer of copper which is due to the very small
diffusion coefficient of Cu in Ag (at 830°C D = 5.4
X 1071 em?/s) [30]. After 6 min sputtering the Cu
concentration curve oscillates with continuing of
sputtering. It is because the Cu signal nearly disap-
pears while the noise still exists, which is shown in
Fig. 6(b). Fig. 5(b) shows the AES depth profile of
Ag and O on another area of the same surface. It still
shows an oxygen-rich layer resulting from the pres-
ence of the oxide contaminants. From Fig. 5(c), one
can find that only an adsorbed O, layer exists on the
outer silver layer surface. This suggests that the
oxygen composition profiles in Fig. 5(a),(b) are not
mainly contributed by the adsorbed O, during the
preparation of the AES sample but by the oxide
contaminants.

In the copper-rich layer, Bi, Pb, Sr, Ca are also
rich. This can be seen from the AES spectra for 0
and 20 min sputtering as shown in Fig. 6. In the AES
spectrum for 20 min sputtering there are no Bi, Pb,

100 200 300 400 . EQO

Kinetrie Exergy,EV

BO% a2

ane apn ~ane

Fig. 6. AES spectra of silver layer sputtered for (a) O min, (b) 18 min in Fig. 5(a) and (c) 20 min in Fig. 5(b).
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Sr, Ca and Cu signals, but there is still an O signal.
The O signal is contributed by the oxygen dissolved
in the silver. The oxygen dissolution equilibrium in
Ag between 750 and 950°C has been studied [31].
The solubility of oxygen in solid Ag is given by [31]:

70, = [Olag,

AG® = 48.150 — 16.41T (J /mol),

K =[0]/Py/* and AG°= —RT In K,

[0] = Py/*exp(—AG®/RT). (8)

Eq. (8) can be used to estimate the oxygen solu-
bility in the sheath for our heat treatment conditions
for which one calculates oxygen solubility of 1.73%
at 7= 830°C in air (PC,2 =0.21 atm), which is nearly
equal to the oxygen concentration after 20 min sput-
tering (Fig. 5(b)). Since the sample examined by
AES is in quenched state and has been stored for two
weeks, there may be a change of oxygen concentra-
tion distribution in the silver layer after quenching
and storing, that is, the oxygen concentration will be
very low in the outer silver surface as shown in Fig.
5(c), due to the oversaturation of oxygen in Ag at
room temperature.

4. Discussion

4.1. Behavior of lead and oxygen during 2223 phase
formation

Our results show that the removal of the lateral
silver layers significantly affect the texture growth of
the 2223 phase, i.e., simply existence of the broad
silver layers is not enough to obtain the highly
textured single 2223 phase. Another important find-
ing is the existence of an oxygen enrichment layer
on the contaminated inner silver layer. We should
now first consider that the four configurations of the
tapes, with various coverages of the core by the
silver sheath, lead to a very important difference
among the experiments, that is, the extent to which
the lead in the core can volatilize. It is the easiest for
Pb to volatilize at high temperature among the metal-
lic elements in the BiPbSrCaCuO system {32,33].

As an effort similar to ours, Luo et al. [34]
recently studied the effect of lead loss and sheath

structure on phase formation and alignment in the
Ag/Bi(2223) tape. They investigated two kinds of
sheath structures, namely, an opened sample and a
closed sample, corresponding to the samples B and
A in our experiment, respectively. It was found that
lead was the only metallic element to undergo sub-
stantial evaporation during annealing of the opened
system for ~ 2 h at 825°C in 0.075 atm of oxygen,
while for the closed sample, no detectable change in
the stoichiometric balance of the metallic elements
(including lead) even after annealing for up to 25800
min (430 h) under identical conditions. The Pb loss
in the opened samples eventually caused a halt in the
2223 formation reaction from 1000 min annealing
and a poorer texture, while the conversion to 2223
was completed within 1500 min (25 h) and a highly
textured layer was formed in the closed sample.

Homung et al. {35] investigated the effect of the
atmosphere and the powder composition on the 2223
phase formation on two configurations of thick films
prepared by combining the process of screen-printing
with organic binders, cold deformation, and sinter-
ing. The two configurations are BiPbSrCaCuO/Ag
(open system) and Ag/BiPbSrCaCuQ/Ag (closed
system), also corresponding to samples B and A in
our study, respectively. They found that during an-
nealing at 830-840°C, it was the Pb loss in the open
system that resulted in slower 2223 phase formation
and poorer degree of texture in the open system than
in the closed systern. They also claimed that to
obtain a high content of 2223 phase in the open
system, Ag or Ag,0 has to be added to the calcined
powder and heat treatment has to be performed in an
atmosphere containing PbO vapor.

Table 1 lists the composition normalized to Cu at
different annealing stages for samples A, B, C and
D. One can find that sample B experiences a signifi-
cant decreases of Pb content to zero after annealing
for 12000 min. However, the stoichiometry of Bi, Sr,
Ca, Cu remained relatively constant, suggesting that
those elements were less susceptible to high tempera-
ture evaporation than lead. This is consistent with the
findings of Sata et al. [32] that the vapor pressure of
lead over the BiPbSrCaCuO compound at 850°C in
air was almost 2 orders of magnitude higher than
that of Bi, Sr, Ca or Cu under the same conditions.
However, sample A is subjected to nearly no Pb loss.
Pb loss is slightly more obvious in samples C and D
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Table 1
The composition normalized to Cu at different annealing stages
for different samples

Metal atom stoichiometry
Bi Pb Sr Ca Cu

Nominal composition 1.80 040 2.00 220 3.064

A

12000 min .79 039 201 220 3.06
B

100 min 175 038 2,00 221 3.06
12000 min 1.76 0.08 1.98 219 3.06 .
C S,

200 min 178 039 200 219 3.06
12000 min .75 037 199 219 3.06
D B

250 min 178 039 199 221 3.06
12000 min .76 035 198 218 3.06.

than in sample A and it is slightly more obvious in
sample D than in sample C. Such a difference in the
Pb loss between A, B, C and D is due to the fact that
the coverage of the core by the silver sheath de-
creases in the sequence of A, C, D, and B. Consider-
ing the results of Luo et al. [33] and Hornung et al.
[34], it seems reasonable that it is also the difference
in the Pb loss that causes the differences in the rates
of formation and texturing of the 2223 phase be-
tween samples A, B, C and D. That is, the less the
exposed core is, the less Pb is lost. Without an
adequate concentration of Pb, the 2223 phase will
pot readily form. Thus a lower Pb concentration
leads to less 2223 phase and a poorer texture [33,34].
Therefore, the rates of formation and texturing of the
2223 phase decrease in the sequence of A, C, D and
B.

The Pb contents in A, C, and D do not differ
much from each other, although the Pb content
slightly decreases in the sequence of A, C and D due
to the decrease of the coverage of the core by the
silver layer. This suggests that the broad silver layers
act as the main barriers to prevent Pb evaporation.
This point can also be supported by the fact that
surface B + Ag shows a higher 2223 phase content
than surface B (Fig. 2(a)). This is because surface
B + Ag has more Pb than surface B due to the

existence of the broad silver layer on surface B + Ag.
So. we can infer that most of the Pb in sample B is in

- the layer adjacent to the broad silver layer. In fact,

there are always double open ends in the closed
samples studied by Luo et al. [34] and Hornung et al.
[35] and our sample A. Among these samples, the
areas of the open ends are about 0.88, 0.12 and 0.48
mm?, respectively, the areas of the double broad
respectively, and the areas of the double lateral core
surfaces are about 4, 1 and 4.8 mm?, respectively.
That is, the broad silver layer covers the largest areas
of the core surface and thereby the Pb loss is mainly
determined by whether the broad silver layer is
removed. Neither the existence of open ends nor the
removal of one or two lateral layers will result in an
appreciable Pb loss. ,

However, the conversion to the 2223 phase and
degree of texturing differ much from each other,
decreasing in the sequence of A, C and D. The minor
difference in Pb content between A, C and D may
not be the only reason for the obvious differences in
the conversion to the 2223 phase and degree of
texturing. We thereby thought that the silver layer at
least plays another role in texture growth of the 2223
phase besides the role that the silver sheath effec-
tively prevents the evaporative lead loss and en-
hances the texture growth of the 2223 phase.

Zhu et al. [22] thought that the reaction among
2212 and Ca,PbO,, CuO to form the 2223 phase
will produce O,, i.e., 2212+ Ca,PbO, + CuO —
2223 +0O,. If O, is formed during 2212 to 2223
phase transformation, it should be transported out-
ward to promote further 2223 phase formation. The
fact that the silver layer significantly promotes the
formation and texturing of the 2223 phase lead us to
believe that the silver layer can supply a favorable
out-transport path for oxygen due to the stronger
adsorption ability with respect to oxygen [36], the
higher solubility of oxygen in Ag [31] and the greater
diffusion coefficient of oxygen in Ag (at 830°C,
D =2.42%107% cm?/s) [28]. Our AES results have
shown that the oxygen out-diffusion through the
silver sheath is very rapid, resulting in no oxygen
enrichment layer at the Ag/core interface. The
chemical diffusion coefficient of oxygen in the a-b
plane of the 2212 phase at 830°C is 5.81 X 1073
cm?/s [37], namely about twice that in Ag. The
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diffusion coefficient of oxygen in the a—b plane of
the 2223 phase can be thought to be equal to that of
the 2212 phase and the diffusion coefficients of
oxygen in the ¢ axis directions of the 2212 and 2223
phases are much smaller than those in the a—b plane
directions of both phases [37]. If the oxygen diffuses
outward toward the open ends, the diffusion dis-
tances in 50 and 200 h in the length direction which
are estimated as (Dr)'/? are about 3 and 7 cm,
respectively, which are much smaller than the length
of a long tape, especially a kilometer-order long
tape. However, the diffusion distances in 50 and 200
h in the silver sheath are about 2 and 4 c¢m, respec-
tively, which are much larger than the thickness of
the silver sheath (~ 0.035 mm in this study). There-
fore if oxygen is formed during reaction to the 2223
phase, the most possible path for it to diffuse out-
ward is the silver sheath. To investigate the reason
why O, is produced during 2223 phase formation,
we characterized the tape with XPS.

Fig. 7 shows the XPS spectra of Bi4f, Pb4f,
Sr3d, Ca2p and Cu2p of the broad surfaces on
sample A sintered for 0 and 1800 min after the upper
silver layer was peeled off. It should be stated first
that the binding energy of the element in the 2212
structure is nearly identical to that in the 2223
structure due to the similar structure of both phases,
which was observed in our experiment. No obvious
chemical shift for the Bi4f binding energy is found,
suggesting that Bi exists in the 2212 crystal structure
at 0 min and in both the 2223 and 2212 crystal
structures at 1800 min, and no Bi-containing second
phases are formed during the 2212 to 2223 phase
transformation. For the Pb 4f spectrum of the green
tape, two sets of obvious peaks exist, whose Pb4f, ,
binding energies are 137.7 and 137.0 eV, corre-
sponding to Pb in (Ca,Sr),PbO, and the 2212 phase,
respectively. For the Pb4f spectrum of the sintered
tape, the intensity of the Pb4f, , peak at 137.0 eV
belonging to 2212 and 2223 increases and becomes
larger than that at 137.7 eV belonging to
(Ca,Sr),PbO, due to the formation of the 2223
phase. The intensity of the Pb4f, , peak corre-
sponding to (Ca,Sr),PbO, reduces, suggesting that
(Ca,Sr),PbO, reacts with 2212 and other phases to
form the 2223 phase.

For the Sr3d spectrum of the green tape, only
obvious Sr3d peaks of Sr in (Ca,Sr),PbO, with the

Sr3d;,, peak at 133.1 eV are seen, although the
2212 phase exists as a main phase in the green tape.
Its preferential orientation with (001) planes, espe-
cially BiO(001) planes, parallel to the tape plane,
resulting from the preferential cleavage between the
weak BiO bilayers during deformation, causes the
2212 grains at the surface of the tape to mainly
terminate with the BiO planes. This point has been
verified by high resolution transmission electron mi-
croscopy (HRTEM) and scanning tunneling mi-
croscopy (STM) [38,39]. It is also supported by the
strong Bi4f signals in the tapes (Fig. 5(a)). There-
fore, the Sr3d peak of the 2212 phase is very weak
in the XPS spectra and covered by that of
(Ca,S1),PbO, judged by the asymmetric peak shape.
In the following it will be shown that the photo-
electron peaks of Ca and Cu in the 2212 phase are
also not obviously seen in the XPS spectra like that
of Sr in the 2212 phase. For the Sr3d spectrum of
the sintered tape, the Sr3ds,, peak of the 2223
phase (131.8 eV) [40] becomes obvious due to the
formation of the 2223 phase. For the Ca2p spectrum
of the green tape, two sets of Ca2p; ,, peaks exist at
350.5 and 348.0 eV, comresponding to Ca in
(Ca,Sr),PbO, and Ca,CuO, or (Ca<Sr),,Cu,,0,,,
respectively. However, for that of the sintered tape, a
new Ca2p,,, peak (345.1 eV) appears correspond-
ing to Ca in the 2223 phase [40]. For the Cu2p
spectrum of the green tape, there are obvious Cu2p
peaks (937.2 eV for Cu2p, ,,3d"°L) of CuO [41] and
those of (Ca,Sr),,Cu,,0,, (9442 eV for
Cu2ps ,3d'°L) with a higher copper valence. For
the Cu2p spectrum of the sintered tape, Cu2p peaks
(933.0 eV for Cu2p,,,3d'°L) of the 2223 phase
appear [40] and those of CuO nearly disappear,
suggesting that CoO is a main reactant for 2223
phase formation.

The above XPS results indicate that 2212 and
Ca,Pb0,, Ca,Cu0,, CuO, (Ca,Sr),,Cu,,0,, react
between each other to form the 2223 phase. Al-
though some other parallel reactions may also hap-
pen, the former might be the dominant process as
described elsewhere [42,43]. Moreover, that the bind-
ing energy of Pb4f of the 2223 phase is lower than
that of (Ca,Sr),PbO, may support that the valence of
Pb in Ca,PbO, (quadrivalent) is higher than that in
the 2223 phase (about trivalent), consistent with the
suggestion of Hegde and Ganguly [44] that the lead
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enters the BiO planes of the 2212 or 2223 phase as
Pb?* to replace Bi** and stabilize the superconduct-
ing phase. Such a replacement may cause the deple-
tion of oxygen in the BiO planes, i.e. the release of

; Bi4f Bidfs, Bidf.,
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oxygen from the BiO planes, and alter the nature of
the superstructure [45,46]. Also, from the Pb 4f XPS
of the green tape, Pb may almost exist in
(Ca,Sr),PbOy,, i.e. 2212 contains a very small amount
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Fig. 7. Core level XPS spectra of Bi4f, Pb4f, Sr3d, Ca2p, Cu2p of group A sintered for (2) 0 min and (b) 1800 min, respectively.
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of Pb, although Dorris et al. [47] recently found that
more complete 2223 formation was seen when all
lead was incorporated in the 2212 phase rather than
being added as either PbO or Ca,Pb0O,. So we can
deduce that during the reaction between 2212 and
Ca,Pb0O,, CuO, Ca,Cu0; (Ca,Sr),,Cu,,0,, to form
the 2223 phase, lead (Pb**) released from Ca,PbO,
will enter into the BiO planes of 2212 as Pb2™ to
stabilize the 2212 structure for further insertion of a
CaCuO, layer to form the 2223 phase, accompanied
by the oxygen release from the BiO planes due to the
replacing of Bi** by Pb®* [22,45,46]. The oxygen
release during 2223 formation has been suggested in
Ref. [22]. Such a release (oxygen valence from 2 —
to zero) happens to satisfy the charge balance during
reaction, because of the accompanying valence re-
duction of Pb from 4 + in Ca,PbO, to 2 + in 2223
and Cu from 2 + & in (Ca,Sr),,Cu,,0,, to 2+ in
2223, there should be another element whose valence
is increased [43]. It may be Cu in Ca,CuO, or CuO
for a cation because Ca and Sr are not elements with
changeable valence while Bi does not show change
valence from 2212 to 2223, or O for an anion. For
Cu, the possible valence change is from 2 + in CuO
or Ca,Cu0, to 3 + in 2223. But the cuprate super-
conductors are dominantly Cu(Il) compounds. The
Cu(TIl) state is formed to formally accommodate
extra holes [48]. So the main possibility is that the
valence of oxygen increases from 2— in 2212,
(Ca,S1),PbO,, CuO or Ca,CuO; to zero in gaseous
O, during 2223 phase formation. Since Pb?* enters
into the BiO planes of the 2212 structure, the charge
balance should be maintained in the BiO planes of
the 2212 structure. Therefore, the gaseous O, is
released from the 2212 phase. Thus the total forma-
tion process of the 2223 phase in our tape can be
represented as:

2212(Pb-poor) + Ca,PbO, + CuO + Ca,Cu0,

+(Ca,Sr) 4,Cu,,0,, — 2223(Pb-rich) + O, 1.
(9)

Therefore, O, should escape in time to promote
the 2223 phase formation in consistency with the
thoughts proposed by Zhu et al. [22]. Otherwise there
will be an increment of P, in the tape, which
further prohibits the 2223 phase formation.

4.2. Mass transport process of oxygen

Now another important question that needs to be
clarified is how the produced O, escapes from the
oxide core in the Ag/Bi(2223) tape to environment.
Considering the AES results (Fig. 5) and the very
long diffusion distance for oxygen along the length
direction (namely towards the open ends) together
with the fact that 2223 still forms when the length of
tape is reduced to be much smaller than the width of
the core [49], we propose that O, will be transported
from the core through the silver layer to the environ-
ment. The mass transfer model can be described as a
series of sequential steps as follows:

(1) Oxygen is produced during the reaction to the
2223 phase.

(2) Oxygen diffuses through the oxide layer to the
inner silver layer surface.

(3) Oxygen adsorbs onto the inner silver layer
surface at the Ag/core interface.

(4) The adsorbed oxygen dissolves into the silver
layer surface at the Ag/core interface.

(5) The dissolved oxygen diffuses from the inner
silver surface to the outer silver surface, namely the
Ag /air interface.

(6) Oxygen escapes in gas state at the outer
surface, i.e. the following reaction happens:

[O]Ag = %02' (10)

Because of the stronger adsorption ability of the
silver layer with respect to oxygen [36], the higher
solubility of oxygen in Ag [31] and the greater
diffusion coefficient of oxygen in Ag [28], also, from
the AES profiles (Fig. 5), the above oxygen mass
transport is very rapid and so step (1) may be the
rate limiting step. That is, as soon as oxygen is
formed during reaction, it can be transported to the
environment in time, and thus there will be no
enrichment of oxygen in the core and the Ag/core
interface, as shown in Fig. 5.

Otherwise, if the oxygen directly escapes from the
oxide core, the following reaction happens:

[O]s = %02 (11)

where [O]; denotes the atomic oxygen in the oxide
lattice because the short circuit diffusion will not be
obvious at the high temperature with the formation
of the dense textured oxide layer.
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Now we can compare the possibilities of reactions
(10) and (11) in terms of thermodynamics. The
Gibbs free energy change (AG) of reactions (10) and
(11) can be represented by:

AG = AG® +RT In PY/%/[0],

1/2
AG® = —RTn[(P,,),]"* /101 (12)
where AG® is the standard Gibbs free energy change,
R the gas constant, T the absolute temperature,
(Py,), the equilibrium partial pressure of O, at an
oxygen concentration of [O],, Py, the actual partial
pressure of O, in the environment, [O] the actual
oxygen concentration in the silver for reaction (10)
or oxide lattice for reaction (11).

Only when AG <0 reactions (10) or (11) can
take place. That is,

[(Po,).] /101> (Po,)*/10]. (13)

Formula (13) shows that when [O] =[O],, the
condition of (Py ), > Py, should be satisfied to drive
reaction (10) or 61 1) to take place, that is, at a certain
temperature and oxygen concentration, reaction (10)
or (11) becomes spontaneous when the Pg, in the
environment is lower than the equilibrium Py, for
that temperature and oxygen concentration. Teten-
baum et al. [50] studied oxygen stoichiometry, phase
stability and thermodynamic behavior of lead-doped
Bi-2223. They found that at 7= 815°C (the highest
temperature investigated by them), only when x in
(Bi,Pb),Sr,Ca,Cu,0, exceeded ~ 10.25, the partial
pressure of oxygen in equilibrium with
(Bi,Pb),Sr,Ca,Cu,0, can become larger than Py
in air. That is, for (Bi,Pb),-
Sr,Ca,Cu,0,, only when x> 10.25 reaction (11)
can happen. Although in this study, 7= 830°C and
the core is mainly (Bi,Pb),Sr,Ca,Cu,0, at the early
annealing stage and becomes mainly
(Bi,Pb),Sr,Ca,Cu,0, only after a long-time anneal-
ing, it may be understood from the above results that
reaction (11) happens only after a larger x in 2212
or 2223 is reached. While for reaction (10) at T=

830°C from Eq. (8), only when [O] in Ag becomes

larger than 1.73%, can ((Pg), in reaction (10) be-
come larger than that in air. A value of [0],, = 1.73%

can be achieved soon after temperature reaches
830°C. When the tape is slowly heated to 830°C at
1.5°C/min, the silver sheath will quickly dissolve
oxygen. After the temperature reaches 830°C (no
2223 phase formation at this time), the equilibrium
oxygen concentration will be 1.73% calculated from
Eq. (8). When 2223 begins to form, the produced O,
will make P in the sheath higher than that in the
environment and then be dissolved in the silver
sheath followed by diffusion through the sheath to
the outer surface. Hence the [O] Ag becomes higher
than_its equilibrium value at the outer surface, which
drives reaction (10) to happen. That is, as soon as the
2223 phase is formed, the produced oxygen will be
transported outward through the silver layer quickly.
The above comparisons further show that the oxygen
transport through the Ag sheath and reaction (10) is
more advantageous for 2223 formation. Moreover,
the diffusion distance estimated as (Dr)'/? is 3 cm
(the length of the core) in 50 h in the core towards
the open ends assuming that the core is the textured
2212 phase, and is 0.0035 cm (the thickness of the
sheath) in 0.5 s in the silver layer. Such calculations
further support the above points of view.

Therefore, we can understand that it is just the
oxygen release through reaction (10) instead of reac-
tion (11) that makes the possibility of fabricating the
silver-sheathed tapes at temperatures (820-840°C in
air) lower than fabricating the bulk materials (840-
860°C in air).

During the early stage of the 2223 phase forma-
tion, step (2) is not necessary because the produced
O, can be directly adsorbed onto and further dis-
solved into the inner silver surface without diffusion
through the oxide core layer in the atomic state.
When a highly textured dense 2223 layer is formed,
the O, formed in the inner oxide layer adjacent to
the 2223 layer but closer to the center of the core has
to first diffuse through the outer 2223 layer, i.¢., step
(2) is essential for 2223 phase formation. It may just
be another reason why 2223 phase formation occurs
preferably at the Ag/oxide interface [12—14] that the
diffusion distance before reaching the inner silver
surface is shortest for oxygen produced in the oxide
layer near the Ag/oxide interface, besides the expla-

~ npation that silver can interact with the oxide to form
a liquid helpful for diffusion-controlled 2223 phase
formation [15-18].
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The longitudinal mass transport towards the open
ends, i.e., not through the silver sheath, is not con-
sidered in the above mass transport model is for two
main reasons. First, the longitudinal length is largest,
especially for the kilometer-order long Ag/Bi(2223)
tape. If the oxygen diffuses predominantly longitudi-
nally towards the open ends, the rate of the 2223
phase formation in a long tape will be much slower
than that in a short tape. Second, there is also
complete 2223 phase formation in 200 h at 830°C
when the longitudinal length is reduced to 1 mm (.e.
shorter than the width) [49].

To support the above proposed model, the model
is used to explain why there exists an optimal Po,
for 2223 phase formation in the Ag/ B1(2223) tape
[21]. According to our model, it is not easy for step
(5), ie., reaction (10) to carry out towards right
when Py in the atmosphere is too high, and thereby
the formation of the 2223 phase is not favored. But
when the P in the atmosphere is too low, the 2223
phase becomes thermodynamically instable {46,50,
511

One issue is how the oxygen behavior is when the
precursor powder in the sheath contains no Ca,PbO,
but other non-superconducting phases such as
Ca,Cu0O;, CuO besides the Pb-doped 2212 phase.
The newest results show that Ca,PbO, forms at
temperatures well below the temperature where the
2223 phase is grown {52] or appears during the 2212
to 2223 phase transformation [53] when the precur-
sor powder contains no Ca,PbO,. However, it can
not be concluded that the 2223 phase formation is
always related to the participation of Ca,PbO,. So
one can not now infer that the Ag/Bi(2223) tape
depends on Py in a similar way when its precursor
powder contains no Ca,PbO,, for example, when the
phase mixture is Pb-doped 2212 + Ca,CuO, + CuO.
The study to investigate this point is now underway.

4.3. Mechanism of silver-induced texture

Many researchers have observed that the broad
silver layer can promote formation and texturing of
the 2223 phase [12-14], but no explicit physical
model has been presented to explain this phe-
nomenon. Furthermore, to our knowledge, no au-
thors except us have found that even the lateral silver

layers play an important role in the texture growth of
the 2223 phase in the Ag/Bi(2223) tapes. Luo et al.
[34] and Hornung et al. [35] claimed that the role of
silver sheaths is to prevent Pb loss during high
temperature reaction to the 2223 phase and to en-
hance the formation and texturing of the 2223 phase.
However, no large difference in the Pb loss between
samples A, C and D is found while great differences
in the formation and texturing of the 2223 phase are
confirmed. Our results show that the Pb loss is
mainly controlled by the broad silver layer due to the
largest area fraction of the broad surface in the thin
Ag/Bi-2223 tape. If two broad surfaces are present,
no large difference in Pb loss is found (e.g. A, C, D).
If one broad silver layer is removed, the non-exposed
broad core surface still contains the 2223 phase (e.g.
B + Ag). So it can not be thought that to prevent the
lead loss is the only role of the silver layer. Some
researchers [12~18] thought that the role of the silver
layer is to preferably induce liquid formation at the
Ag/core interface and hence to promote formation
and texturing of the 2223 phase. But this understand-
ing of the role can not answer why even the removal
of the lateral silver layers affects the texture growth
of the 2223 phase, Also, the strong dependence of
the 2223 phase formation on Py, in the sheath [21]
and our AES and XPS results firmly indicate that the
2223 phase formation is related to oxygen release.
According to our described oxygen mass transport
process, the inherent mechanism of the silver-in-
duced texture (SIT) can be discussed in more detail.

That is, the role of the silver sheath is a combina-
tion of prevention of the Pb loss, supplying a fast
out-diffusion path, inducing of liquid, and acting as a
quasi-two-dimensional space.

(1) The silver layer promotes 2223 formation by
prevention of the Pb loss at high temperatures to
maintain an adequate Pb concentration, supplying a
fast out-diffusion path for oxygen produced during
reaction, and interaction with oxide to form liquid to
accelerate atomic diffusion [15~18], and thereby
supplying more 2223 grains to be textured by the
RIT mechanism. Therefore, the more readily the
2223 phase forms, the more readily the texturing
develops.

(2) The broad silver layers preferably promote
nucleation and growth of the 2223 phase with the
a—b plane parallel to the tape plane and suppress the
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non-oriented grain growth of the 2223 phase. Be-
cause the a—b planes of the non-textured 2223 phase
grains will quickly meet the textured 2223 phase
grains or a broad silver layer due to the faster growth
in the a—b plane direction than in the c-axis direc-
tion and thereby the non-oriented grain growth will
be quickly impeded [54].

(3) The lateral silver layers preferably supply an
out-diffusion path of oxygen for the formation of the
preferably oriented 2223 phase. That is why only
removal of one or both lateral silver layers (sample
C or D) also affects the degree of texture of the 2223
phase while the Pb contents are nearly same in A, C,
D (Fig. 2 and Table 1). This can be explained by the
oxygen mass transport model described in Section
4.2. When the lateral silver layers are removed, only
the a-b plane of the non-textured 2223 grains are
clinically in intimate contact with the silver layer and
hence it is easy for oxygen to escape in the fashion
of reaction Eq. (10). However, the a—b planes of the
textured 2223 grains do not intersect with the broad
silver layer and thus the oxygen produced by forma-
tion of the textured 2223 phase can not quickly
escape in the a—b plane directions and mainly es-
cape in the ¢ directions, i.e. oxygen diffuses through
the silver layer to the broad silver layer surface and
chemically escapes in the fashion of reaction Eq.
(10). Because the diffusion of oxygen in the ¢
direction is much slower than that in the a—b plane
direction [37], relatively, the non-textured 2223 grains
are more favored to form due to the easier release of
as-formed oxygen than the textured 2223 grain. Thus
the degree of texture in the tape with the lateral
silver layers removed is lower than that in the tape
without any part removed, and that in the tape with
both the lateral silver layers removed is lower than
that in the tape with one lateral silver layer removed.

It shows that the key to form a highly textured
2223 phase is the existence of both the broad silver
layers and the lateral silver layers. The former can
prevent the Pb loss and preferably supply a quasi-
two-dimension configuration for the textured 2223
grain growth while the latter can preferably supply a
fast out-diffusion path of oxygen for textured 2223
grain formation. Both can induce liquid formation.
Not only the easy release of the oxygen during 2223
phase formation, and the excellent growth space for
textured 2223 phase growth, and the prevention of

the Pb loss, but also the inducing of liquid, enhance
the texture growth of the 2223 phase.

For surface B, the substantial Pb loss, the slow
oxygen release and the inexistence of liquid related
to silver cause the very slow 2223 phase formation
and the impedance for non-oriented grain growth by
the broad silver layer does not exist. Therefore, the
texturing process is slowed down. For surface B +
Ag, the existence of the broad silver layer causes less
Pb loss, faster oxygen release suppression of the
non-oriented grain growth and the existence of liquid
induced by the broad silver layer compared to sur-
face B, and thereby more 2223 phase with a higher
degree of texture is formed at surface B + Ag than at
surface B. For surface A, formation and texturing of
the 2223 phase are promoted by the maintenance of
Pb, fast release of oxygen, existence of liquid and
suppression of non-oriented grain growth. Compared
to surface A, for surfaces C and D, one or two
favorable directions in which the oxygen produced
during the textured 2223 grain formation preferably
diffuses will not exist. Hence the release of oxygen
is slower, the local POz in the sheath is higher,
which in turn lowers the rate of 2223 phase forma-
tion and thereby, relatively, there will be less 2223
grains to be textured, resulting in the lower degree of
texture than surface A.

5. Conclusion

During 2212 to 2223 phase transformation, oxy-
gen will be released from the BiO planes of 2212 to
compensate the valence reduction of Pb after Pb**
enters the BiO plane of 2212 as Pb?* to make 2223
nucleate. The silver layer just supplies a favorable
out-diffusion path for the produced oxygen to escape
in time and thereby promotes 2223 phase formation.
The silver sheath, especially the broad layer, effec-
tively prevents Pb loss to maintain an adequate Pb
concentration for 2223 formation.

The mechanism of silver-induced texture (SIT) is
a combination of preventing the Pb loss by the silver
sheath, supplying a fast out-diffusion path for the
oxygen produced during 2212 to 2223 transforma-
tion, inducing liquid to accelerate 2223 formation,
and acting as quasi-two-dimensional growth space
for the textured 2223 grains. The former three factors
promote the SIT through enhancing 2223 phase for-
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mation, and hence supply more 2223 grains to be
textured by the RIT mechanism. The second factor
also acts through preferably supplying the out-diffu-
sion path of oxygen for formation of preferably
oriented 2223 phase grains, due to the anisotropy of
oxygen diffusion in the layered superconducting
phase. When the core is wrapped by the sheath, all
the factors contribute to promoting the formation and
texturing of the 2223 phase. When one or more parts
of the sheath are removed, that is, lateral layers or
broad layers or both, one or more factors will not
exist, which in turn reduces the rates of formation
and texturing of the 2223 phase. When the broad
layer is removed, 2223 phase formation will finally
stop due to the escape of nearly all the Pb.
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