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Abstract This study includes two parts: (I) investigation of
the effect of different annealing time (10 h, 30 h, and 60 h)
on physical, superconducting, and microstructural proper-
ties of Fe-diffused Bi-2223 superconductor ceramics pre-
pared by the conventional solid-state reaction method with
the aid of the X-ray diffraction (XRD), scanning electron
microscopy (SEM), dc resistivity (ρ–T ) and transport crit-
ical current density (Jc) measurements, and (II) determi-
nation of the diffusion coefficient and the activation en-
ergy of iron in the Bi-2223 system. In the former part,
the zero-resistivity transition temperature (Tc), phase pu-
rity, volume fraction, hole-carrier concentration, lattice pa-
rameters, surface morphology, texturing, crystallinity, grain
connectivity, grain size, and room temperature resistivity
values of the bulk samples are found and compared with
each other. The results obtained show that both the zero
resistivity transition temperature (Tc) and transport criti-
cal current density (Jc) regularly enhance with the incre-
ment in the diffusion-annealing time. The maximum Tc of
107 ± 0.2 K and Jc of 50.0 A cm−2 are observed for the
sample annealed at 830 °C for 60 h. As for the XRD in-
vestigations, according to the refinement of cell parameters
done by considering the structural modulation, the enhance-
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ment in the diffusion-annealing is confirmed by both a de-
crease of the cell parameter a and an increase of the lat-
tice parameter c of the samples, meaning that the great-
est Bi-2223 phase fraction belongs to the sample annealed
at 830 °C for 60 h. Moreover, SEM images display that
the sample has the best crystallinity, grain connectivity, and
largest grain size. Based on the results, the superconduct-
ing and microstructural properties improve with the increase
in the diffusion-annealing time. In the latter part, Fe diffu-
sion in the Bi-2223 system is examined in a range of 500–
830 °C by the variation of the lattice parameters evaluated
from the XRD patterns. The temperature dependence of the
Fe diffusion coefficient is described by the Arrhenius rela-
tion D = 4.27 × 10−5 exp(−1.27 ± 0.10) eV/kBT, and the
related activation energy of the iron in the Bi-2223 system
is found to be about 1.27 eV. The relatively low value of ac-
tivation energy obtained illustrates that the migration of the
Fe ions primarily proceeds through defects such as pore sur-
faces and grain boundaries in the polycrystalline structure,
leading to the improvement of the microstructural and su-
perconducting properties of the samples, supported by the
results of part I. All in all, the aim of the present study is not
only to analyze the role of diffusion-annealing time on su-
perconducting and microstructural properties of Fe-diffused
Bi-2223 superconductors, but also to find the diffusion co-
efficient and activation energy of Fe in the Bi-2223 system.

Keywords Fe-diffused Bi-2223 · Diffusion coefficient ·
XRD · SEM

1 Introduction

After the discovery of the high-temperature superconductors
(HTS), several researches have been carried out to improve
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the electrical, mechanical, microstructural, pinning mech-
anism, and superconducting properties of these supercon-
ductors by means of the addition, partial substitution, and
diffusion technique [1–9]. Among the high-temperature su-
perconductors, Bi-based superconductors are successfully
used in practical applications such as fabrication of long-
length wires and tapes [10]. The Bi–Sr–Ca–Cu–O (BSCCO)
system has three superconducting phases in terms of its
chemical compositions, the Bi-2201 phase (Bi2Sr2Cu1Ox ,
Tc ≈ 20 K), Bi-2212 phase (Bi2Sr2Ca1Cu2Ox , Tc ≈ 85 K),
and Bi-2223 phase (Bi2Sr2Ca2Cu3Ox , Tc ≈ 110 K) [11–
14]. In these series, the (Bi, Pb)-2223 phase is the most
attractive owing to the highest critical temperature (Tc) of
about 110 K. However, their applications in magnetic fields
and high temperatures are restricted because of the structural
layer, very low charge carrier density, strong anisotropic
properties, extremely short coherence length, and large pen-
etration depth and brittleness nature. Hence, many meth-
ods have been studied for improvement of their supercon-
ducting, mechanical, structural, and flux pinning properties
to make them suitable for high temperature and magnetic
field applications [15–17]. In our previous works, we have
studied the effects of iron diffusion on the superconducting
and mechanical properties of Bi-2223 systems [18–20]. We
have observed that the mechanical properties of the samples
were load dependent. The load-independent Vickers hard-
ness (H0), Young’s modulus (E), yield strength (Y ), and
fracture toughness (KIC) values of the samples prepared
were found to enhance with the increase in the Fe diffusion
and annealing time. Based on these results, the iron diffu-
sion improves the mechanical properties of the Bi-2223 ce-
ramics.

As is well known, the diffusion rate of impurities de-
scribed as the diffusion coefficient is related to how fast the
impurity atoms act in the crystal. Therefore, the diffusion
coefficient of iron could be useful to understand the doping
mechanism and changes in the microstructural and super-
conducting properties of BSCCO systems. To our knowl-
edge, there is no detailed work on the calculation of iron
diffusion-coefficient in the Bi-2223 system in the literature.
In our previous study, we have investigated the effect of the
annealing time on the microstructural, mechanical, and su-
perconducting properties of Au-diffused Bi-2223 samples
and also calculated the diffusion-coefficient of Au in the Bi-
2223 system [21–23].

In the present work, not only the effect of the anneal-
ing time on microstructural and superconducting properties
of Fe-diffused Bi-2223 superconducting ceramics is investi-
gated by performing XRD, SEM, dc resistivity, and transport
critical current density measurements, but the diffusion co-
efficient and the activation energy of iron in the Bi-2223 sys-
tem are also examined with the aid of the successive removal
of thin layers and measurement of the cell parameter c for

the first time. The results obtained show that the Fe diffusion
enhances the microstructural and superconducting proper-
ties of the samples studied as a result of the improvement of
crystallinity and connectivity between grains (inferred from
the first part of the paper). Moreover, the second part of the
paper displays that the temperature dependence of the Fe
diffusion coefficient described by the Arrhenius relation is
found to be D = 4.27 × 10−5 exp(−1.27 ± 0.10) eV/kBT,
which will be explained in detail in results and discussion
part.

2 Experimental Details

Superconducting Bi1.8Pb0.35Sr1.9Ca2.1Cu3Oy ceramics are
elaborated in air by the conventional solid-state reaction
method using high-purity starting powders of Bi2O3

(99.99 %), PbO (99.9+ %), SrCO3 (99.9+ %), CaCO3

(99+ %), and CuO (99+ %) in the cation ratio of
Bi:Pb:Sr:Ca:Cu = 1.8:0.35:1.9:2.1:3. These oxides and car-
bonates are weighed in stoichiometric proportion and mixed
in a grinding machine for 24 h to obtain a homogeneous
mixture. After milling process, the resultant powder is cal-
cined in air at different temperature such as 700, 750, and
800 °C for 24 h in a tube furnace (PROTHERM Model
PTF 12/75/200) at 5 °C/min heating rate. Then, the samples
are cooled to room temperature and reground. The pow-
der calcined is pressed into pellets with the dimension of
10 × 4 × 2 mm3 at 300 MPa. The sintering process of the
pellets obtained is conducted in air at 830 °C for 48 h. The
heating and cooling rate of the furnace are chosen to be
10 and 3 °C min−1, respectively. Thus, the Bi-2223 samples
are ready for the evaporation process. The Fe evaporation on
one face of the samples is carried out using an AUTO 306
Vacuum Coater (EDWARDS). After evaporation process, it
is controlled that the Fe attached to the Bi-2223 supercon-
ducting ceramics by visual inspection and the mechanical
damage method via a razor blade. Then, the Fe evaporated
Bi-2223 superconductors are sintered at 830 °C for 10 h,
30 h, and 60 h and herein after denoted as F1, F2, and F3,
respectively. Similarly, an undoped sample sintered under
the same conditions will be shown as F0.

The electrical property of the samples is examined by
dc resistivity versus temperature measurements using 5 mA
dc current through the samples in the temperature range
from 90 to 130 K. Both voltage and current contacts are
made with silver glue contact for the minimization of re-
sistance. A Keithley 220 programmable current source and
a Keithley 2182A nano-voltmeter system are used for the
conventional four-probe measurements. Likewise, the trans-
port critical current measurement of the samples in self-field
is performed at 77 K in zero field using four-probe method.
A programmable temperature controller (Lakeshore 340) is
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Fig. 1 XRD patterns of the samples annealed at 830 °C for 10 h (F0)
and (F1), 30 h (F2), and 60 h (F3)

used for the accurate monitoring of the temperature with a
stability and accuracy of ±0.01 K. The current applied par-
allel to the direction of pressed surface is ramped at a con-
stant rate (10 mA/s) for the entire sample. The critical cur-
rent (Ic) values of the samples are described with the crite-
rion of 1 µV/cm. The Jc values are computed from the rela-
tionship between Ic and the total cross-sectional area [24].

The surface morphology, crystallinity, and grain connec-
tivity of the samples prepared in this work are studied by
means of a Philips XL30 SFEG Scanning Electron Micro-
scope (SEM) with an accelerating voltage of 15 kV in the
secondary electron image mode. Moreover, the crystalline
quality, grain orientations, and phase analysis of the pure
and Fe-doped samples are determined by X-ray diffractome-
ter (XRD) analysis at room temperature (Rigaku D/Max-
IIIC diffractometer), using CuKα radiation with wavelength
of 1.5418 Å and incident angles in the range of 2θ between
5◦ and 60◦ at a scan speed of 3◦/min and a step increment of
0.02◦. The X-ray tube voltage and the current are adjusted
to 36 kV and 26 mA, respectively. The lattice parameters
of the samples are evaluated from the XRD peaks with the
accuracy of ±0.001 Å.

The relative volume fractions of the Bi-2223 and Bi-2212
phases are estimated from the XRD patterns using the fol-
lowing expressions [25, 26]:

f(2223) =
∑

IH(hkl)
∑

IH(hkl) + ∑
IL(hkl)

, (1)

f(2212) =
∑

IL(hkl)
∑

IH(hkl) + ∑
IL(hkl)

, (2)

where IH(hkl) and IL(hkl) are the intensities of the (hkl)

diffraction lines for Bi-2223 and Bi-2212 phases, respec-
tively (Fig. 1).

For part II of the paper, the samples prepared are an-
nealed at different temperature such as 500, 600, 700, 800,
and 830 °C for 10 h, and the diffusion coefficient and ac-
tivation energy of Fe are determined using the successive
removal of thin layers and measurement of the cell param-
eter c. According to the variation of the cell parameters de-
termined, it is observed that the substitution of matrix atom
by impurity atom with a different radius leads to a defor-
mation near the impurity atom [27], resulting in the change
of lattice parameters in the specimen. The deformation (ε)

in the crystalline lattice region at point x due to the radii of
impurity and matrix atoms is shown by

ε(x) = [
c(x) − c0

]
/c0, (3)

where c(x) and c0 are the lattice parameters in the deformed
and nondeformed region of the samples, respectively. The
concentration of impurity atoms, N(x), is also given as the
following relation:

ε(x) = βN(x), (4)

where β denotes the expansion coefficient of the lattice
given by the equation

β = 1

3N�

[

1 −
(

ri

r0

)3]

, (5)

where ri and r0 are the radii of the impurity and the matrix
atoms, respectively, and N� presents the concentration of the
matrix atoms. Hence, the measurement of the distribution
of deformation (ε(x) = �c/c0) over the thickness gives the
information about the concentration profile of the diffusing
impurity in the Fe-diffused samples.

Additionally, it is supposed that the conditions of impu-
rity diffusion from a constant source into semi-infinite solid
are fulfilled by means of the following equation [27]:

N(x, t) = N0
[
1 − erf (x/2

√
Dt)

]
, (6)

where erf [x/2(Dt)1/2] illustrates the error function with ar-
gument y = x/2(Dt)1/2,

erf (y) = 2√
π

∫ y

0
exp

(−y2). (7)

Here N0 = N(0, t) denotes the constant concentration on the
surface of the sample, and N(x, t) is the impurity concentra-
tion at the distance x. Besides, D is the diffusion coefficient
when t presents the diffusion annealing time.

3 Result and Discussions

3.1 XRD Characterization

The XRD patterns from the surfaces of the F0, F1, F2, and
F3 samples are depicted in Fig. 1. The (Bi, Pb)-2223 peaks
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Table 1 Critical temperature Tc , lattice parameters a and c, transport critical current density Jc , hole-carrier concentration, volume fraction, and
grain size of the samples prepared

Samples T offset
c (K) c (Å) a (Å) J trans

c (A/cm2) Hole concentration
(p)

Volume fraction (%) Grain size
(nm)2212 2223

F0 100.0 ± 0.2 36.96 5.431 32.5 0.127 34.00 66.00 76.24

F1 106.0 ± 0.2 37.00 5.391 50.0 0.139 25.70 74.30 86.88

F2 106.5 ± 0.2 37.10 5.380 56.2 0.140 18.30 81.70 87.78

F3 107.0 ± 0.2 37.16 5.373 65.0 0.141 11.80 88.90 88.09

are shown by H (hkl) Miller indices, while the peaks of
(Bi, Pb)-2212 phase are presented by L (hkl) Miller indices
given in the diagrams. All the samples prepared exhibit the
polycrystalline superconducting phase. It is visible from the
figure that the F3 sample points up the highest peak intensi-
ties belonging to Bi-2223 phase, whereas the Bi-2212 phase
is denser than other phase in the F0 sample. According to
the result, the formation of Bi-2223 phase increases with the
enhancement in the diffusion-annealing time. Furthermore,
the relative volume fractions of Bi-2223 and Bi-2212 phases
calculated by using expressions (1) and (2) are listed in Ta-
ble 1. As seen from the table, the volume fraction values of
Bi-2223 phase increases, while that of Bi-2212 phase de-
creases with the increment in the diffusion-annealing time.
Moreover, the lattice parameters a and c are computed using
the least square method through d value and hkl planes for
tetragonal unit cell structure [28–32]. Their variations as a
function of the annealing time are also tabulated in Table 1.
It is visible from the table that a systematic contraction in
the a-axis length is observed while a regular expansion in
the c-axis length is obtained with the increase [33] in the
diffusion-annealing time. As received the cell parameter a

is controlled by the length of in-plane Cu–O bond [34]. The
length may be expanded or contracted with the change of the
electrons into antibonding orbital. In our system, it seems
a contradiction in the bond length, leading to a reduction
of the lattice parameter a, and an enhancement in the cell
parameter c. According to these results, it might be inter-
preted that the (Bi, Pb)-2223 phase increases while the (Bi,
Pb)-2212 phase starts to decrease with the increase of the
diffusion-annealing time; nevertheless, Fig. 1 confirms that
the (Bi, Pb)-2223 phase is dominant for all the samples stud-
ied.

The grain size of the samples are determined by using the
following equation:

D = 0.94λ/β cos θβ. (8)

The calculated grain size values of all the samples are
depicted in Table 1. As seen from the table, the grain size
values increase from 7.624 to 8.809 with the increment in
the diffusion-annealing time, revealing that the largest grain

size and best crystallinity are obtained for the F3 sample
(Table 1).

3.2 SEM Analysis

The microstructural characterization of the samples pro-
duced is analyzed by Scanning Electron Microscopy (SEM)
method for the determination of the grain size and the possi-
ble precipitation at the grain boundaries. Figures 2a and 2b
show the SEM micrographs taken in the secondary electron
image mode of the fractured surface of the F0 and F3 sam-
ples. As is seen from the figure, the surface morphology
of the samples depends strongly on the diffusion-annealing
time. The microstructure of undoped sample shows flake-
type grains (the basic characteristics of (Bi, Pb)-2212 phase
formation [35]) oriented randomly and poorly connected.
On the other hand, the texturing, crystallinity, and layered
grain growth of the F3 sample are observed to be better com-
pared to the F0 sample, and the surface of the F3 sample is
found to be more uniform with better alignment of grains.
Additionally, SEM image of the F3 sample gives a broader
grain size distribution in comparison with the other one.
Based on the results of the SEM investigations, the F3 sam-
ple has the larger average grain size and better crystallinity
and grain connectivity. These observations are in excellent
agreement with the XRD examinations.

3.3 Electrical Measurements

Electrical resistivity measurements are performed by stan-
dard four-probe dc technique in the temperature range be-
tween 90 and 130 K. Figure 3 shows the normalized elec-
trical resistivity as a function of temperature for the F0, F1,
F2, and F3 samples. It is visible form the figure that all the
samples show metallic behavior above the Tc value, and the
resistivity at room temperature regularly decreases with the
increment in the diffusion-annealing time as a result of the
increase in the grains [36]. Further, the zero-resistivity tran-
sition temperatures (R = 0 �) deduced from the dc resis-
tivity measurements of the F0, F1, F2, and F3 samples are
found to be about 100 ± 0.2 K, 106 ± 0.2 K, 106.5 ± 0.2 K,
and 107 ± 0.2 K, respectively. According to the results,
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Fig. 2 SEM micrographs of the F0 (a) and F3 (b) samples

the Tc value is noticed to enhance with the increase of the
diffusion-annealing time, attributed to the increment in the
relative percentage of (Bi, Pb)-2223 phase formation [37,
38], the optimization of the hole concentration and possible
changes in the lattice vibration of Bi(Pb)–Sr–Ca–Cu–O [39,
40]. It is also possible that the resistive nature of the grain
boundaries is modified owing to the accumulation of iron
atoms at the grain boundaries. Moreover, it is interesting to
note that the variation of �Tc (T onset

c − T offset
c ) reduces dra-

matically as the annealing time increase up to 60 h. The vari-
ation is observed to be about 8 K for the F0 sample when the
�Tc is obtained to be about 4 K for the F3 sample. As for
the broadening of the resistive transition, with the enhance-
ment in the diffusion-annealing time the broadening region
systematically reduces as a result of the modifying effect of
the iron doping on the grain boundaries [36]. Besides, Fig. 3
demonstrates that the transition curve of the F0 sample ex-
hibits a double step transition due to the weak links between
the superconducting grains in this sample [36], leading to
the dominancy of the low-Tc phase, which is also supported
by the XRD measurement.

Fig. 3 Electrical resistivity-temperature plots of pure (F0) sample an-
nealed at 830 °C for 10 h and Fe-diffused samples sintered at 830 °C
for 10 h (F1), 30 h (F2), and 60 h (F3)

Fig. 4 Current–voltage characteristics of the F0, F1, F2, and F3 sam-
ples

The transport critical current of the samples in self-field
are measured by home-made system at 77 K in zero field
using four-probe method. I–V curves measured are shown
in Fig. 4. The critical current (Ic) values of the samples are
defined with the criterion of 1 µV/cm. Critical current densi-
ties (Jc) of the samples produced are calculated from the Ic

and the total cross-sectional area. The Jc values obtained are
shown in Table 1. It is apparent from the table that the Jc val-
ues increase from 32.5 to 65.0 A/cm2 with the enhancement
in the diffusion-annealing time owing to the improvement of
crystallinity and connectivity between grains [41], indicat-
ing that the increment in the annealing time has a positive
effect on the Jc values of the samples.
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Fig. 5 Distribution of deformation �c/c versus the thickness of dif-
fused Bi-2223 samples at 800 °C for 10 h (full curve is calculated ac-
cording to (6))

The hole-carrier concentration (P) is calculated by using
the following relation [42]:

Tc/T max
c = 1 − 82.6(P − 0.16)2, (9)

where T max
c is taken as 110 K for Bi-2223 system, and the

Tc values of the samples are deduced from Fig. 3. The hole-
carrier concentrations calculated are tabulated in Table 1. It
is observed that the P value regularly increases from 0.127
to 0.141 with ascending the diffusion-annealing temperature
due to the optimization of the hole density, indicating the
possible changes in the lattice vibration of the system.

There are several methods to determine the diffusion pa-
rameter in a polycrystalline high-Tc. In literature, successive
removal of thin layers and (1) the measurement of the sam-
ples resistivity, (2) the measurement of lattice parameters
from XRD patterns, (3) the radio tracer, and (4) the EDXRF
technique are the most common four methods. The second
method (successive removal of thin layers and measurement
of the lattice parameter c at room temperature) is used to find
the diffusion coefficient of Fe in the Bi-2223 system in the
present work. Figure 5 shows the variation of lattice param-
eter �c/co (co denotes the lattice parameter of the undoped
sample) as a function of thickness of the samples exposed
to the iron diffusion at different annealing temperature such
as 500, 600, and 700 °C for 60 h. For the Fe-diffused sam-
ple annealed at 800 °C for 60 h, the experimental data of
Fig. 5 fits well with the theoretical curve obtained from (6)
for D = 8.70 × 10−10 cm2 s−1. The same fitting method is
used for the samples annealed at 500, 600, 700, and 830 °C,
and the diffusion coefficients for the other samples are de-
termined. According to the result, the diffusion coefficients
obtained are found to increase as the annealing temperature
enhances, presenting that the diffusion at lower temperatures

Fig. 6 Temperature dependence of Fe diffusion coefficient in the
Bi-2223 superconductors

is much less significant than the higher ones. Figure 6 gives
the mean values of the diffusion coefficients of Fe in the
Bi-2223 superconductor material as a function of annealing
temperature. It is obvious from the figure that the Fe dif-
fusion coefficient in the Bi-2223 system in the temperature
range from 500 to 830 °C increases with respect to the Ar-
rhenius relation,

D = 4.27 × 10−10 exp
{
(−1.27 ± 0.10) eV/kBT

}
. (10)

The relatively low value of activation energy found to be
1.27 eV of Fe in the Bi-2223 system may testify that the
migration of the iron primarily proceeds through defects in
the polycrystalline sample (pore surfaces, grain boundaries,
etc.), leading to the improvement of the superconducting
and microstructural properties of the samples prepared in
this work. Similar results were reported for Fe diffusion in
YBaCuO ceramics [43].

4 Conclusions

In this work, it is analyzed that not only how the differ-
ent annealing time (10 h, 30 h, and 60 h) affects the mi-
crostructural, physical, and superconducting properties of
Fe-diffused Bi-2223 superconductor ceramics by means of
the SEM, XRD, ρ–T , and I–V measurements, but also the
diffusion coefficient and the activation energy of iron in the
Bi-2223 system are investigated using the change in the
cell parameters deduced from the XRD patterns. It is ob-
served that the microstructural and superconducting prop-
erties improve with the increase in the diffusion-annealing
time. The ρ–T and I–V measurements of the samples show
that with ascending the annealing time up to 60 h, the Tc
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and Jc values enhance from 100 ± 0.2 K to 107 ± 0.2 K and
32.5 A cm−2 to 50.0 A cm−2, respectively. Likewise, hole-
carrier concentration increases from 0.127 to 0.141. Further-
more, the XRD investigations give that the lattice parameter
a reduces, while c parameter enhances with the increment in
the diffusion-annealing time. The maximum Bi-2223 phase
fraction and grain size values inferred from the XRD pattern
are observed for the sample annealed at 830 °C for 60 h.
Similarly, the SEM images reveal that the largest average
crystallite size and the best surface morphology and grain
connectivity are observed for that sample. In addition, the
change in the c parameters is used to determine the diffu-
sion coefficient and activation energy of Fe in the Bi-2223
system. According to the calculations, the coefficient sys-
tematically increases from 7.24 × 10−10 to 8.78 × 10−10

with the enhancement of the diffusion-annealing time. In
other words, the minimum value is obtained for the undif-
fused sample (F0), whereas the maximum one is attributed
to the F3 sample. The corresponding activation energy is de-
termined to be about 1.27 eV. The low value of the activation
energy reveals that Fe diffusion proceeds through defects in
the ceramic samples, resulting in the improvement of the
microstructural and superconducting properties of the bulk
samples prepared in this work.
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