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Abstract The mechanical and superconducting proper-
ties of the Fe diffusion-doped (Bi-Pb)-2223 superconductor
have been investigated. First, iron was evaporated on
Bi-2223 superconductor and then the Fe layered super-
conductor was annealed at 830 °C for 10, 30 and 60 h.
Static Vickers hardness, dc electrical resistivity, X-ray
diffraction and scanning electron microcopy have been
carried out to assess the effects of Fe doping. These mea-
surements indicates that Fe doping, in comparison with the
undoped samples, increased the critical transition temper-
ature, and improved formation of high 7, phase, while
decreasing the number and size of voids. Moreover, both
microhardness and grain size were also enhanced by
increasing the amount of diffusion. The values of
microhardness were found to be load dependent. In addi-
tion, we have investigated the indentation size effect (ISE)
behavior using some models such as the Kick’s law,
modified proportional specimen resistance (MPRS) model
and the Hays- Kendall (HK) approach. Among them, both
HK and MPRS models are successful. In this study, the
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possible reasons of noticed improvement on mechanical
and physical properties due to iron diffusion are discussed.

1 Introduction

Since high temperature superconductor (HTSC) was dis-
covered, weak link behavior of grain boundaries has
become one of the most important research topics [1-7].
The relationship between grain boundary structure and
supercurrent conductivity could not be fully understood.
Besides, the size of particles, their angles with each other,
the chemical composition of grain boundaries and the
volume fracture of micro-space in the sample depend on
the production parameters [8, 9]. Properties of bismuth-
based superconducting materials are extremely sensitive to
the starting chemical rates. The starting chemical rate, rich
in Bi- Pb is important as it makes up for the losses during
annealing process. On the other hand, during the mechan-
ical operating, the cracks in ceramic superconducting core
are lost more easily and improve performance in samples
where percentage of Pb is high. SEM measurement pro-
vides very important contribution to examine the rela-
tionship between material structure and properties [10].

Critical current density in high temperature supercon-
ductors depends on both flux and the weak link in the grain
[11]. The appropriate doping of grains is a method that
optimizes the transmission properties of grain boundaries
in HTSC. Thus, the critical current density increased sig-
nificantly and the normal state conductivity reduces sig-
nificantly [12].

Mechanical properties of alloys may be determined by
methods such as tension test, bending test and microhardness
measurement. Changing the proportion of alloy elements
and annealing applications may change the mechanical
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properties significantly. In addition, mechanical proper-
ties may be related to the direction due to production
methods [13].

The determination of mechanical properties of these
alloys and development of this feature are important in
choosing the application field of these alloys. Mechanical
properties such as hardness, elastic modulus, yield strength,
fracture toughness, brittleness index, ductility as well as the
critical temperature, the critical current density and the
critical magnetic field, are as important as superconducting
parameters for industrial applications of high-temperature
oxide superconductors [14-20]. The Vickers microhard-
ness test is one of the convenient methods to estimate the
mechanical properties. Using this method, the relationship
between Vickers hardness, elastic modulus, yield strength
and fracture toughness for polycrystalline superconductors
at room temperature has been studied by several authors
[16, 18, 21].

In this study, the effects of Fe diffusion-doped on
mechanical and superconducting properties of BSCCO
ceramics have been investigated. Moreover, the aim of this
study is to examine the load dependence of apparent
hardness and to determine load independent hardness val-
ues of the samples by using different models. In addition,
X-ray diffraction and scanning electron microscopy mea-
surements were performed to investigate the surface
microstructure and surface morphology of the samples
considered.

2 Experimental details
2.1 Sample preparation

Superconducting Bi; gPbg 3551 9Ca, ;Cu30, samples were
prepared by the standard solid-state reaction method. The
weighed powders of Bi,O5; (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
were mixed by grinding machine for 24 h. After milling,
the mixed powders were calcined in air at 700, 750 and
800 °C for 24 h. At every calcined temperature, the sample
cooled to room temperature to regrind. The calcined
material was reground and pressed into pellets of
10 x 4 x 2 mm® at 300 MPa. The pellets were sintered in
air at 830 °C for 48 h and then cooled down to room
temperature. The heating and cooling rates of the temper-
ature were chosen to be 10 and 3 °C min™', respectively.
The Fe evaporation (thickness of about 50 pm) on one face
of the samples was carried out. Then, the Fe layered
superconducting samples were annealed at 830 °C for 10,
30 and 60 h. At the end of this run, Fe diffusion was
realized through the samples. For comparison, an undoped
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sample was also annealed under the same conditions. The
samples of Bi-2223 tablets will be hereafter denoted as FO
(undoped sample annealed at 830 °C for 10 h), F1 (iron
diffused sample annealed at 830 °C for 10 h), F2
(iron diffused sample annealed at 830 °C for 30 h), and F3
(iron diffused sample annealed at 830 °C for 60 h).

2.2 Measurement techniques

The measurements of dc resistivity were performed with
the four-probe method on all samples. Both voltage and
current contacts were made with silver paint. We measured
temperature (90-130 K) dependence of resistivity of the
samples running 5 mA dc current through the samples in
the cryostat using a Keithley 220 programmable current
source and a Keithley 2182A nano-voltmeter. The transi-
tion temperature, T,, was defined as R = 0.

X-ray diffraction (XRD) data were taken using a Rigaku
D/Max-IIIC diffractometer with CuK, radiation in the
range 20 = 4°-60° with a scan speed of 3°/min and a step
increment of 0.02° at room temperature. The XRD mea-
surements provide data about lattice parameters for only a
thin surface layer of Fe-diffused Bi; gPb, 3551, oCa, ;Cu;0,
sample, since the effective penetration depth of the X-rays
is about 15 um into the sample. Phase purity and the lattice
parameters were determined from these XRD patterns.
The mean values of lattice parameter ¢ of Bi, Pb ;55r, 4
Ca, ;Cu;0, samples are determined from the high-angle
(00 I) peaks of the XRD measurements. The relative
volume fractions of the Bi-2223 and Bi-2212 phases were
determined from the peak intensities of the same particular
reflections, using the well-known expressions [22, 23].

The surface morphologies of the Fe-diffused and pure
samples were studied by using a Philips XL30 SFEG
Scanning Electron Microscopy (SEM).

Hardness measurements of BSCCO samples were per-
formed with a digital microhardness tester (Instron Series
2100) at room temperature. A Vickers pyramidal indenter
with different loads (0.245, 0.490, 0.980, 1.960, and
2.940 N) and a single loading time of 10 s were applied
and the diagonals of indentation were measured with an
accuracy of £ 0.1 pm. Indentations were made at different
parts of the samples’ surface such that the distance between
any two indentations was more than two times the diagonal
of the indentation mark to avoid surface effects due to
neighboring indentation. An average of 10 readings at
different locations of specimen surfaces was taken to
obtain reasonable mean values for each load.

Conventional Vickers microhardness measurements
consist of applying a load F on the test material via a
geometrically defined indenter and after the indenter is
removed, measuring the characteristic dimension, d, of the
resultant impression. The Vickers microhardness, H,, was
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estimated from the average value of such indentations
using the equation from Ref. [24].

H, = 1.8544(F/2) (1)

Here F is the load applied (in N) and d the mean diagonal
length of the indentation impression (in pum). The scatter in
the values of d did not exceed 3%.

3 Results and discussion
3.1 XRD characterization

Figure 1 indicates the intensity as a function of 20 for the
FO, F1, F2 and F3 samples. Some of the (hkl) peaks are
indexed. The determined lattice parameters from the (hkl)
peaks of the XRD data are given in Table 1. The diffusion
of Fe was indicated by an increase of the lattice parameter
¢ of the sample in comparison with that for the undoped
sample (F0). This finding is in agreement with a previous
study [15]. The increase in lattice parameter ¢ revealed that
Bi’T, Sr*T, Ca®" atoms might have been partly substituted
by Fe atoms. The observed increase of T, for the samples,
as will be confirmed later on by dc resistivity measure-
ments, makes the substitution at the Cu site less likely.
The calculated relative volume fraction of the samples
by using well-known expressions [22, 23] is summarized in
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Fig. 1 XRD measurements of FO, F1, F2 and F3 powder samples

Table 1 Critical temperature 7, lattice parameters a and ¢, and
volume fraction of the samples

Samples T, (K) % Vas % Vaarz  a(CA) ¢ (°A)
FO 100.0 £ 0.2  66.00 34.00 5,431 36.96
F1 106.0 £ 0.2  74.30 25.70 5,391 37.00
F2 106.5 + 0.2 81.70 18.30 5,380 37.10
F3 107.0 £ 0.2 88.20 11.80 5,373 37.16

Table 1. As seen in the table, the volume fraction of
Bi-2223 phase increased and that of Bi-2212 phase
decreased with increasing Fe diffusion. The diffusion
doping of the sample by iron improves formation of the
high-T, Bi-2223 phase when compared with undoped
sample. This is in conformity with the offset transition
temperature of 107 K. This behaviour may be explained
that the Fe doping might have not only acted as a flux but
also partially replaced the Bi*", Sr**,Ca®" ions as indi-
cated by increasing lattice parameter c.

3.2 SEM analysis

To determine the grain sizes and possible precipitation at
the grain boundaries, the structure of surface morphology of
the iron doped Bi (Pb)-Sr-Ca-Cu-O samples was studied by
SEM Fig. 2 represents surface micrographs for the FO, F1,
F2 and F3 samples. The undoped (FO) sample is composed
of flake-type grains and the composition of flake-type grains
is approximately equal to the Bi-2212 phase [18, 25]. From
the figure, we can conclude that the grains in the FO sample
are oriented randomly and poorly connected. The grain size
of the F3 sample is relatively bigger than that of the FO
sample. The surface of the F3 sample is smoother and
denser. In the sample F3, the flake-like grains are less
dominant with respect to the sample FO, while the con-
centration of the needle-like grains grew gradually. The
needle-like grains are believed to be due to the Bi-2223
phase [18, 25, 26]. These results are in agreement with our
XRD examinations and indicate that the surface morphol-
ogy of the sample is relatively improved by Fe-doping. FO
has non-uniform surface appearance with smaller grains.
Iron film on the sample forms a metallic connection; this
resistive short-circuit connects the grains and lowers the
room temperature resistivity as will be confirmed later on
by dc resistivity measurements. This effect continues even
when iron film is diffused into the sample, indicating the
iron’s effect on grain boundary properties. SEM pictures
show better connectivity in iron coated samples after heat
treatment at 830 °C for 10 h. The improvement of
mechanical characteristics is due to the fact that Fe can fill
the intergrain spaces, and thereby reinforces the coupling
between granules. From the above results, in agreement
with our XRD results, it is comprehended that the Fe doped
has a positive effect of decomposing the structure of the
low-T, phase (Bi-2212) and enhancing the high-7, phase
(Bi-2223) formation.

3.3 Electrical measurements

The electrical resistivity was measured by using the stan-
dard four-probe dc technique, in the temperature range
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Fig. 2 SEM measurements of the a FO, b F1, ¢ F2, d F3 samples

between 90 and 130 K. The dc electrical resistivity as a
function of temperature of FO, F1, F2 and F3 samples is
shown in Fig. 3. It was observed that the value of the
resistivity at room temperature decreased upon Fe doping
and diffusion-annealing time. The temperature dependence
of the resistivities of the samples shows the metallic
behaviour in the normal state (at 7 > 110 K) with the zero-
resistivity transition temperatures of 100.0+ 0.2 K for FO,
106.0+£ 0.2 K for FI, 1065+ 02K for F2 and
107.0% 0.2 K for F3 sample. It can also be seen from this
figure that, the normal state resistivity regularly decreases
as increasing iron diffusing-doped and the tail regime
clearly visible in the p-T curve of the sample FO [27]. In
the figure, one can observe a broadening behaviour of the
sample FO with onset temperature of 108 K. The broad-
ening reduced gradually with increasing diffusion-anneal-
ing time, in other words with increasing iron doping. The
broadening of the transition width shows that FO sample
has lower percentage of the high-7, phase compared to that
of iron doped samples (F1, F2 and F3). The reduction in the
broadening behaviour in the p-T curve may be due to the
modifying effect of the iron doping on the grain bound-
aries. Sharper transitions are accompanied by higher criti-
cal temperature values. This fact suggests that somehow
iron doping also affects intra-grain region. It was also
observed that the transition curve of the FO sample from the
normal to the superconducting state indicates a double step
transition, confirming the dominancy of the low-T, phase,
as seen in Fig. 1. We believe that the double step resistive
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transition is an indication of weak links [27]. It is observed
that the zero resistivity transition temperature of the F1
(106 K) is higher than that for the FO sample (100 K). This
is consistent with a previous work [15, 28, 29]. The
increase in 7,. may be related to the optimization of the hole
concentration and possible changes in the lattice vibration
of Bi(Pb)-Sr-Ca-Cu-O. It is also possible that resistive
nature of the grain boundaries is modified by accumulation
of iron atoms at the grain boundaries. This resistive short
circuit of grain boundaries may eliminate the resistive tail
in the p-T curve. The results obtained from the dc resis-
tivity as a function of temperature measurements are given
in Table 1.

3.4 Mechanical measurements

A series of hardness measurements were attempted on the
samples using indentation loads between 0.245 and 2.94 N
with the help of a Vickers hardness tester. The Vickers
microhardness values of different applied loads were cal-
culated by using Eq. (1). The value of microhardnes is found
to change from 0.458 to 0.239 GPa in the applied load range
of 0.245-2.940 N for the FO sample. That of F1, F2 and F3
were calculated in the range of 0.529-0.302, 0.575-0.315
and 0.672-0.359 GPa, respectively. Figure 4 shows the
variation of microhardness versus the applied load for the
FO, F1, F2, and F3 samples. The variation of microhardness
with applied load is similar in all samples as can be seen in
Fig. 4. The calculated microhardness decreases rapidly with
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Fig. 4 Vickers microhardness versus applied indentation load

increasing load up to 2 N and remains nearly constant
thereafter. It is also observed that the microhardness values
increased with increasing diffusion-annealing time. The
reason of this is ascribed to Fe doping (diffusion) being able
to fill the intergrain space, and leading to a remarkable
increase in the mechanical resistance of the samples.
Figure 2 shows a denser microstructure confirming this
conclusion. It was observed that Vickers hardness increased
with increasing amount of doping in Bi-2223 supercon-
ductors [16, 18, 21]. The rapid variation of microhardness
was observed with increasing applied load from 0.245 to
2.000 N. The reason for this behavior is due to the contri-
bution of weak grain boundaries and to the process of crack
formation along grain boundaries [30]. A similar result was
observed for Bi-Pb-Sr-Ca-Cu-O samples [18, 20, 21] and is
known as indentation size effect (ISE) [31-34]. The ISE
behavior was explained qualitatively on the basis of pene-
tration dept of the indenter [14]. The indenter gives

Fig. 5 Variation of applied load InF with diagonal Ind for the
samples of FO, F1, F2 and F3

geometrically similar indentation; hence it follows that the
measured hardness must be independent of the applied load.
However, it has been well known that for many materials,
microhardness calculated using Eq. (1) is load dependent as
can be seen in the present work. In general, higher applied
loads lead to lower hardness values. This phenomenon is
known as the indentation size effect (ISE) [35].

In order to find an explanation for this effect, several
relationships between the applied load and the resulting
indentation size have been proposed [36-39]. Mayer’s law
can be used to explain the ISE behavior of our samples
[24, 32, 33, 36].

F = Ad" (2)

where the power n is the Meyer number, and A is the
standard hardness constant. The value of n is used as a
measure of ISE. When n < 2, the hardness increases with
decrease of the applied load. The hardness increases with
increasing the applied load when n> 2. When n; = 2, the
hardness is independent of applied load and is given by
F = Ajxd® (Kick’s law). In most cases, Kick’s law is
hardly met because the exponent # is less or larger than 2.
Figure 5 represents the plots of InF versus Ind for the
samples. Each set of the data does not show an excellent
linear relationship. The slope of the graph is proportional
to n, and that of vertical intercept is proportional to
A k. Through linear regression analyses, the values of rny,
Ak and R (the regression coefficient) were determined and
the results are tabulated in Table 2. As can be seen from
the table, it was observed that the value of the regression
coefficient for each sample was found to be low,
R~ 0.99702, and that of n, is less than 2. According to our
results (n < 2), our samples do not obey Kick’s law.
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Table 2 Best-fit results of experimental data according to Eq. (2)

Samples Meyer In Ak Regression
number ng (GPa) of coefficient (R)

FO 1.583 —6.931 0.99702

Fl1 1.658 —7.100 0.99531

F2 1.625 —6.922 0.99485

F3 1.603 —6.714 0.99565

In order to explain the ISE behavior, a modified PSR
(MPSR) model has recently been suggested [39]. Accord-
ing to this modified model.

F = Wypsg + AfMPSR + Atlil-\/IPSR (3)

here Wypsr corresponds to minimum applied load to
produce an indentation, Agympsg and Ajnvpsr are related to
the energies dissipated for creating a new surface of a unit
area and for producing the permanent deformation of a unit
volume, and is a measure of the load independent hardness
estimated by MPSR model, respectively. Figure 6 shows
F versus d graph for the samples. From a conventional
polynomial fit of this expression (Eq. 3) to the data, the
parameters of Wypsr, Aompsrs A1mpsr and R were extracted
for all samples and tabulated in Table 3. According to the
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Fig. 6 Variation of applied load with the indentation diagonal length
for the samples of FO, F1, F2 and F3

MPSR model, the load independent hardness can be
calculated by relation,

Hivipsr = (AIMPRS/26.43) (4)

The calculated load independent hardness for each sample
is listed in Table 3. J. B. Quinn and G. D. Quinn [40].
examined the variation of Vickers microhardness as a
function of indentation load for a variety of ceramic
materials. They observed that such hardness-load curve
shows distinct transition to a plateau of the constant
hardness level and concluded that the transition in such
curves correspond to the intrinsic hardness value of the
material. In this study, this plateau is reached at 2 N
applied load for the samples. As can be seen from the table,
load independent microhardness value of FO sample
(0.228 GPa) is lower than the hardness results (see Fig. 4)
in the plateau region (H, = 0.239 and 0.244 GPa). This
value is close to the hardness of the measured with the load
0.249 N which is not in plateau region.

Hays and Kendal (HK) [38] proposed a concept that
there exist minimum levels of the applied test load, Wy,
named minimum applied load to produce an indentation for
the purpose of examining the ISE in our samples. They
introduced an effective indentation load, .Fpr = F — Wy,
and proposed the following relationship (modified Kick’s
law),

F — Wik = Apxd? (5)

where Ajpk is the load independent hardness constant
calculated by HK approach for a given sample. Figure 7
exhibits applied load as a function of the square of the
impression semidiagonal for the samples. Each set of data
shows an excellent linear relationship (R > 0.99914). The
slope of each line corresponds to the load independent
hardness constant, A;yk and the intercept of each line
represents the sample resistance pressure, Wyg. The
extracted values of Wy, Ajgg and R were listed in
Table 4. As can be seen from the table, it was observed that
the values of Wyk and A gk of the samples increased with
increasing the diffusion-annealing time and the regression
coefficient of each sample is very high, implying that
Eq. (5) provides a satisfactory description of the
indentation data for the samples. Figure 8 exhibits a plot

Table 3 Best-fit results of experimental data according to Eqs. (3) and (4)

Samples  Wyprs (N)  Agmprs (N/Um)  Ajmprs (N/pmz) Regression of Load independent Load dependent hardness
coefficient (R)  hardness Hy pprs (GPa)  (in plateau regime) H, (GPa)

FO 0.129 —2.46 x 107° 12.33 x 107° 0.99998 0.228 0.239-0.244

F1 0.081 45.1 x 1073 15.60 x 107> 0.99974 0.289 0.302-0.315

F2 0.155 —191 x 107 17.60 x 107° 0.99992 0.326 0.315-0.321

F3 0.159 —180 x 1073 19.80 x 107° 0.99999 0.367 0.359-0.361
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Fig. 7 Applied load as a function of the square of the impression
semidiagonal for the samples of FO, F1, F2 and F3

of In (F-Wyk) versus Ind and gives a value of nyx ~ 2
(see Table 4) for all samples. This result confirms the
validity of Eq. (5) or HK law in the explanation of the
dependence of microhardness on applied load. According
to the HK approximation, load independent microhardness
Hj yk can be calculated by relation.

Hypx = 1.8544A k. (6)

The values of Hyyk were calculated by using Eq. (6) and
summarized in Table 4. The load independent hardness
values estimated by HK approach (Hppx = 0.228 GPa)
and the hardness results of FO sample (see Fig. 4) in the
plateau region (H, = 0.239 and 0.244 GPa) are compara-
ble. This behavior is observed in other samples (F1, F2 and
F3) of this work. The HK approach also provides a satis-
factory description for measured indentation data.

The load independent values Hyyk, Hympsr calculated
by HK approach and MPSR model are obviously closer to
plateau value. We may therefore, suggest that both the
H; yx and Hy \psr values are convenient and correspond to
the intrinsic hardness values of the samples.

We have investigated variation in the hardness of the
Bi(Pb)-Sr-Ca-Cu-O ceramic material depending on doping
and substitution concentration [16—18]. It was observed

Fig. 8 Relationship between true applied load In (F-Wyg) and the
Vickers diagonal Ind for the samples of FO, F1, F2 and F3

that the hardness of doped Bi (Pb)-Sr-Ca-Cu-O samples is
grater than that of undoped ones. This may be due to both
pinning of dislocations at the impurity sites and other
defects caused by the presence of impurity atoms in the
crystal, and also to variation in the magnitude of the bond
forces in the crystal containing impurities [14]. In the
present work, the load independent microhardness
increased in Fe doped samples. It also increased with
increasing diffusion-annealing time for Fe doped samples.
XRD analysis showed the formation of the high-7, phase in
Fe doped samples, in comparison with those of undoped
samples of Bi-2223. SEM analysis indicated that both of
the number and size of the voids at the surface decrease
increasing the grain connectivity in Fe doped samples. The
reason of the improvement in superconducting and
mechanical properties of the samples is that Fe can fill the
intergrain spaces, and thereby reinforce the coupling
between granules. From the above results, it is inferred that
the Fe doped has the positive effect of decomposing the
structure of the low-7, phase and enhancing the high-7,
phase creation. We can conclude that the estimation of
hardness values by using one applied load is not appro-
priate. This behavior is ascribed to the following: (I) at
larger indentation loads, the Vickers hardness registered

Table 4 Best-fit results of experimental data according to Egs. (5) and (6)

Samples  Load independent  Sample resistance  Regression ngg  Regression Load independent  Load dependent hardness
hardness Ajgx pressure Wyg of coefficient of coefficient  hardness (in plateau regime)
(GPa) ™) ®R) R) Hiuk (GPa) H, (GPa)

FO 12.32 x 107> 0.128 0.99998 2.00  0.99998 0.228 0.239-0.244

Fl1 15.89 x 107° 0.093 0.99974 1.94  0.99914 0.294 0.302-0.315

F2 1645 x 107° 0.097 0.99984 1.93  0.99924 0.305 0.315-0.321

F3 18.63 x 107° 0.104 0.99993 1.92  0.99962 0.345 0.359-0.361
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smaller values, this observation may be due to the presence
of weak grain boundaries of the superconducting ceramics;
(II) at smaller indentation loads, the Vickers hardness
recorded higher values, this is ascribed to the fact that the
measured hardness more indicative of the monocrystalline
state without interference from the grain boundaries [18].
Therefore, the load independent hardness values are rea-
sonable to define the entire sample hardness.

4 Conclusions

Fe-doped Bi; sPbg 3551, 9Ca, ;Cusz0, samples prepared by
solid state reaction methods are compared with those for
the undoped sample. The lattice parameter c, the critical
transition temperature, and the high-7, temperature ratio
increased with Fe doping. Surface morphology of Fe-doped
samples showed a denser microstructure. The improvement
of superconducting properties due to the modification of
grain boundaries by Fe doping is determined by lower
normal state resistivity. We have used three different
empirical models to analyze the non-linear relation
between load and hardness and presented a comparison of
the performance of the considered models. The estimated
hardness values of the samples are load dependent. Fe
doping is found to increase the hardness of the samples.
Among the three empirical models used to analyze the load
versus indentation data, we have found that both the HK
and MPSR models are suitable for describing the experi-
mental data.
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