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Abstract

Vacuum heat treatment effects at 850 °C for (3, 6, 9 and 12 h) on the crystalline structure and superconducting, as well as on the
mechanical properties of BiySr3Ca;CusO, (BSCCO) have been studied. The highest critical transition temperature 7, 102 K was achieved
at annealing time 7,,, = 9 h. This maximum value is attributed to movement of excess oxygen from annealed sample. Phase examination
by X-ray diffraction (XRD) revealed that the gradual formation of the high-7, phase (2223) due to the prolongation of annealing time
up to 9 h. Thereafter, the high-T, phase starts degrading and 7 reduces. The distortion of the 222 3 phase is suggested by the broadening
of the different XRD peaks. Also, at the same above annealing time (9 h), SEM observation shows good quality plate-like crystal with
relatively oriented. On the other hand, the Vickers microhardness (VHN) measurements was found to be dependent on the annealing
conditions, a tremendously increase of VHN value 1.92 GPa (0.25 N) at ¢,,, = 9 h. This substantial increase is ascribed to improvement

of the thermal conduction and stabilization of temperature distribution between superconducting grains.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the discovery [1,2] of high-T, superconductivity in
bismuth-based oxide systems which did not contain any
rare-earth element (BiSrCaCuQ), great efforts have been
focused [3,4] on the study of the structural, electronic,
and mechanical properties of the superconducting phases.
Whereas the system contains basically two high-T phases,
one is the low-T, (~80 K) 2212 and the other is the high-
T. phase (~110 K) 2223 phase, it is extremely difficult to
synthesize 2223 in single phase from Bi,Sr,Ca,Cus alone.

The annealing process is one of the important methods
to accelerate the formation of the 2223 phase [5,6]. Khalil
[5] reported that the T, increment from 93 K to 113K
obtained by atmosphere annealing of Bi; 7,Pb 75Sr,Ca,-
Cu30,, specimens was due to an increase in the volume
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fraction of the high-7, (2223) phase. On the other hand,
another report of the interdependence of 7, on the oxygen
stoichiometry of the superconducting phases was shown by
Bahadur et al. [7]. They concluded that the enhancement of
T. obtained by thermal treatment was due to oxygen
deficiency.

A variety of methods [4,8-10], including oxidation and
deoxidation effects, have been employed to change the oxy-
gen content in Bi-based superconductors. The lowest T,
value of 63 K was reported by Sarker and Maartese [4]
after oxygen annealing, whereas an enhancement of T
has been accomplished by vacuum annealing [8,11-13].
Therefore, there is an ample interest in investigating the
effect of vacuum annealing on the superconducting proper-
ties of BiySr;Ca;CugO, samples.

On the other hand, since the BSCCO phases have a
plate-like morphology with a high current carrying capac-
ity in the a—b plane and also owing to the importance of
this system, researchers around the world have been trying
to develop the practical application potential of it. Most
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applications require both desirable superconducting prop-
erties (7, upper critical magnetic field Hc, and critical cur-
rent density J.) and mechanical integrity (fracture
toughness Kjc, ductility, and Vickers hardness VHN). Pre-
vious authors have observed that the BSCCO systems are
generally brittle with unacceptably low strength [14,15].
In order to solve this problem, we must understand how
processing controls the interaction between superconduc-
ting and mechanical properties.

In view of this problem, efforts have been made to
improve J. and the mechanical properties of the BSCCO
system. Khalil [16] recently reported a Kjc value of
0.013 MPa \/m for Bi,Sr,Ca,Bag 45CusO,. Also, Young’s
modulus (E) registered a considerable practical value of
26.6 GPa for Bi1.7Pb0_3SI'2C32C113Oy [17]

For commercially useful applications, several processing
techniques are under consideration. These includes doping
[16], partial substitution [17-19], and atmospheric anneal-
ing [3,5]. Here, we report a developed processing technique
that has greatly improved the mechanical characteristics of
BSCCO samples without adversely affecting the supercon-
ducting properties (7). This technique is known as “vac-
uum annealing treatment”. In this circumstance, it is of
interest to investigate the effects of vacuum annealing on
the physical properties of BiySr;Ca;CugO, samples in order
to examine the changes that occur in the samples for differ-
ent annealing time.

2. Experimental

Bulk superconducting materials with nominal composi-
tion BiySr3Cas;CugO, were fabricated by means of a cera-
mic solid state-state diffusion reaction. Fine powders of
Bi,03, SrCO3;, CaCO; and CuO with purities of more than
(99.999%) with appropriate cationic ratio were weighed,
thoroughly mixed and ground, and calcined in air at
800 °C for 18 h. The reacted material was then reground
and cold pressed into disks or pellets by applying a pressure
of 5 ton/cm? using a cylindrical die made of stainless steel.
Afterwards, the pellets were additionally sintered in air at
850 °C for 100 h. At the end of the sintering process the
pellets were allowed to furnace-cool to room temperature.
The vacuum annealing conditions of the samples were set
at a constant temperature of 850 °C under 0.01 Torr for
3, 6,9 and 12 h. At the end of each step of the vacuum
annealing process the samples were studied for their electri-
cal and structural properties. Identification of various
phases present in the samples was done on the basis of
the characteristics of their XRD peaks. X-ray diffraction
patterns were recorded with CuKo radiation on a
Schamdzu X-ray diffractometer.

The temperature dependence of the electrical resistivity
was measured by the standard four-point probe technique
in the temperature range 77-300 K. Electrical contacts
were made with silver paint curable at room temperature.
The microstructure was investigated with a JEOL scanning
electron microscope (SEM) Model JSM-5300. The samples

were coated with a thin layer of gold to avoid the charging
effect. Physical density measurements were performed by
Archimedes method.

To study the mechanical properties of vacuum annealed
BSCCO material, Vickers microhardness was measured
using an E. Ltd. Wetzlar microhardness tester with pyra-
mid indenter. A pyramid indenter was employed in all
the microhardness tests because it does not penetrate as
deeply into the surface, thereby causing less cracking
around the indentations. The contact loads (P) ranged
from 300 gf (2.490 N) to 25 gf (0.245 N) for the examined
samples. A loading time of 15s was used to measure the
diagonal of indentation with an accuracy of +0.1 pm. An
average of 10 indentations at different locations on the
specimen surface was done to obtain representative mean
values for each load.

The Vickers microhardness values (VHN) were deter-
mined using the following equation:

VHN = 1.8544(P/d*) (1)

where “P” is the applied load in N and “d” is the diagonal
length of the indentation mark in mm.

3. Experimental results and discussion
3.1. XRD analysis

The formation of different phases at various stages of
vacuum annealing time has been made evident by the inves-
tigations of the XRD patterns. These studies also bring
about the mechanism of growth of the high-7, phase in
the annealed sample. Fig. 1(a)—(d) illustrates the variation
of X-ray patterns for the BisSr;Ca;CucO, sample as-sin-
tered and vacuum annealed at 850 °C for (6, 9, and 12 h,
respectively). H an L in this figure indicate the high-T,
(2223) and low-T, (2212) phase, respectively. Other iden-
tified phases are written in terms of their chemical formula
and denoted directly on the diffractograms above their cor-
responding peaks. For the as-sintered sample in Fig. 1(a), it
can be seen that the majority of the peaks are due to the
high-T, (2223) phase, while a minority of the peaks belong
to low-T, (2212) phase. Some indications of formation of
CuO with characteristic diffraction peak at 20 = 38.4° is
present. Fig. 1(b), at relatively short time of vacuum
annealing, e.g., 6 h, one can easily observe that the diffrac-
tion peaks corresponding to the high-7; phase and the low-
T. phase have been found to develop with gradually
increasing intensity. The impurity peak due to secondary
phase CuO remains nearly the same. For 9 h of annealing
time with the maximum value of T, = 102 K, the peaks cor-
responding to the low-T, phase have slightly decreased at
20 =23.2° and 29.1°, as can be seen in the XRD patterns
of Fig. I(c). Most of peaks could be assigned to the
high-T, phase, i.e., the high-T, phase dominates the phase
maximum. This affirmative observation may be due to
enhancement of outgoing oxygen from the annealed sam-
ple. Hence, this loss of oxygen favors the formation of the
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Fig. 1. (a-d) X-ray diffraction patterns of Bi;Sr3;Ca;CugO, at different vacuum annealing time (0.0, 6, 9 and 12 h).

diffraction peaks of the high-7. phase start degrading,
decreasing the value of 7., while the peak of the low-T,
from this sample is greater than for samples annealed at  phase slightly increases at 2@ = 29.2°. It is peculiar also
any other time. When annealing is continued further, i.e., to note the existence of the insulating phase Ca,PbO, at
12 h in Fig. 1(d), it can be noticed that the intensity of the = 2@ = 18.06° though in small quantities.

high-T, (2223) phase. Otherwise, one can infer that at an
annealing time equal to 9 h, the extent of outgoing oxygen
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A closer examination of the XRD pattern also reveals
another important feature of the two superconducting
phases. Firstly, it is observed that the peaks of the high-
T. phase are sharpest at the stage when 7 has its maximum
value of 102 K. At annealing periods less and also greater
than this optimized time the peaks are relatively broad.
Secondly, the peaks due to the high-7, phase are relatively
sharper than are the peaks due to the low-T7, phase. These
observations indicate the distorted nature of the low-T,
phase and show the best crystallinity when maximum 7
is attained for the high-T7, phase.

3.2. Electrical properties

The electrical features of the samples were examined by
resistivity versus temperature measurements (p—7). Fig. 2
depicts typical electrical resistivity as a function of temper-
ature for the BiySr3CazCusO, samples (as-sintered and
annealed at 850 °C with evacuation at 1072 Torr for 3, 6,
9, and 12 h). In Fig. 2, the as-sintered sample exhibits a
semiconducting character in the 300-138 K region. Below
138 K, the resistivity decreases gradually with decreasing
temperature and reaches a zero-value at a critical transition
temperature 7, ~ 77 K. After vacuum annealed for 3 h, the
electrical behavior started to change. As seen in Fig. 2, a
metallic behavior was obtained from 300 K up 123 K,
After T°"° =~ 123 K, the resistivity-temperature plot devi-
ates from linearity and exhibits a noticeable resistivity drop
with a small tail extending to the zero-resistivity state at
T.~ 83 K. With prolongation of annealing time to 6 h,
similar metallic behavior was observed, the 7°" value
was found to be 116 K which is lower than for the above
annealing period and T, was found to be 90 K, which is
higher than for f,,, =3 h. With more prolongation of
annealing time to 9 h, the annealed sample exhibits a
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Fig. 2. Influence of vacuum annealing time on d-c resistivity of the
nominal composition BiySr;Caz;CugO,.

remarkable resistive behavior compared with 7,,, =6 h.
The resistivity curve shows an almost complete transition
at 7°™ =~ 110 K and a T, value of 102 K, i.e., the prolonged
vacuum annealing time up to 9 h appears to enhance the
superconducting property. This behavior suggests that
the 9 h annealed sample has a high fraction of the high-
T. phase (2223). This result is also supported by XRD
analysis. For the longest period of vacuum annealing,
12 h, the temperature behavior of p is qualitatively similar
to the former annealing time 9 h but with higher values of p
and a lower value of T, =~ 89 K. This trend may be ascribed
to structural defects, like variable metallic ordering pat-
terns. Such effects could be related to the lowering of the
transition temperature 7.. In general, we can infer that
there are many oxygen vacancies in the as-sintered sample,
which causes a structural disorder in the Bi—O sheets, by
which many electrons are localized and the superconducti-
vity is partially degraded. As a result 7, was depressed.
However, it can be decided that vacuum heat treatment
for narrow steps of time (3-9 h) leads to excess oxygen
vacancies moving out the sample, and the moving of oxy-
gen enhances the arrangement of the lattice and produces
the carriers which are responsible for better superconduc-
ting properties. Under our experimental conditions, it can
be concluded that as the excess of oxygen moves out the
metallicity of the Bi—O layers increases and consequently
the values of T, is enhanced.

It is worth mentioning that, we have made two impor-
tant points here; firstly, by prolongation of vacuum anneal-
ing time, the superconducting phase coherence is enhanced.
In particular, growth of superconducting phases, such as
2223 and 2212 phase is believed to be responsible for
enhancement of superconducting properties. Secondly,
excess oxygen in the Bi-O layers may enhance the square
planar like arrangement around the copper ions and in turn
the superconducting properties are enhanced. From the
above results, one can easily deduce that the optimal
annealing time =9 h exhibits the best superconducting
properties. Therefore, the in order to test the linear behav-
ior of p(T) at normal state, an expression of the form:

p(T) = AT + B )

has been applied to the annealed samples in the tempera-
ture range between 130 and 300 K. The parameter “A4”
can be considered as the temperature coefficient of resistiv-
ity in the normal state with a value in the range 10—
10°Qemk™! which is usually obtained for high-T7,
superconductors [20,21]. The parameter “B” represents
the residual resistivity (the value of p(7) at T=0.0) and
has a value in the range of 107>~107* Q cm which agrees
with values usually obtained for high-7, superconductors
[22,23]. The effect of vacuum annealing time on the p(7)
dependence of the BiySr3;Caz;CuqO, is given in Fig. 3. It
can be observed that for all times of annealing, the range
above T°" is characterized by metallic behavior as usual
for high-T. superconducting materials. The transition to
the superconducting state could be held at all times of
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Fig. 3. Temperature dependence of resistivity of Bi;Sr3Ca3;CusO, samples
vacuum annealed for different annealing times. The straight lines are the
fits of p(T) =a + bT above 27T..

annealing. The shortest period of vacuum annealing (3 h)
was terminated by a short tail, confirming the role of impu-
rities as has been confirmed by the XRD analysis, while,
the most convenient time of vacuum annealing (9 h) was
characterized by no tail. The variation of values of the
parameters of Eq. (2), “4 and B”, with the time of vacuum
annealing is given in Table 1. It is found that “A” increases
from 0.61x107> to 2.27x107° with prolongation of
annealing time (3-12 h), which is in good agreement with

Table 1
Variation of the normal and superconducting parameters obtained from
the p(7) measurements with the time of vacuum annealing of BiySr;Cas-
Cu60x

Lann/h 3 6 9 12
Ax107° (Qemk ™ 0.61 1.27 1.35 2.27
Bx107* (Qcm) 45 25 15 16
T°% (K) 123 116 110 118
T. (K) 83 90 102 89
AT (K) 40 26 8 29
P73 % 1073 (Q cm) 5.75 5.35 4.84 6.53

results obtained for similar high-7 superconductors mate-
rials [20,21]. On the other hand, the parameter “B” de-
creases from 45x 107 to 15x 10~* with prolongation of
annealing time up to 9 h, then increases with more prolon-
gation of t,,, = 12 h. The decrease in the value of “B”
reflects relatively constant impurity levels or nonsupercon-
ducting phases, which is a matter that could be confirmed
by the XRD data. However, the values of “B’ still agree
with those usually obtained for high-7, superconductors
[23].

3.3. SEM observation

To look into the morphology, we have performed scan-
ning electron microscopy on the vacuum annealed sample.
Fig. 4 shows a micrograph of a pellet with a maximum
value of T, =102 K. A plate-like phase seems to dominate
the microstructure at this stage of annealing (9 h). Good
quality plate-like crystals, quite moderate in size and rela-
tively oriented, constitute the major phase giving rise to
superconductivity [6]. Generally, it can be decided that,
the vacuum annealing process plays a striking role in the
changes of the physical appearance of the pellet.

x7,5086

15k U

Fig. 4. SEM micrograph of the surface for the BiySr;Ca3;CusO, (vacuum
annealed for 9 h).
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3.4. Microhardness and density measurements

The effect of vacuum annealing time at (850 °C) for peri-
ods (3, 6,9, and 12 h) on the Vickers microhardness (VHN)
of the BiySr3CazCugO, sample was examined. Fig. 5 depicts
the variation of measured microhardness (VHN) against
the vacuum annealing time at certain applied loads
(P=0.25, 0.49, 0.98, 1.96 and 2.94 N). It can be observed
that at all applied loads the variation of VHN exhibits an
ellipse-shape type behavior with an apex at annealing time
(tann) =9 h and a trough at f,,, = 12 h. The tremendous
increase of VHN values from 1.09 GPa (0.245N) at
tann = 3-1.92 GPa (0.245N) at t,,, =9 h is ascribed to
the formation of good conducting channels between super-
conducting grains which can enhances the bridging between
them. This is most probably the reason for the high values
of VHN. Furthermore, the annealing process improves
the thermal conduction and, hence, stabilizes the tempera-
ture distribution between superconducting grains. The
monotonic decrease of VHN values 1.00 GPa (0.245 N) at
taon = 12 h can be a consequence of the partial dissolution
of superconducting (metallic) phases. Also, the prolonga-
tion of annealing time (12 h) may generate circumferential
cracks. Therefore, the contact between grains weakens, con-
sequently lowering the values of VHN. Fig. 6 displays the
change of VHN values with the applied load at f,,, =0,
3,6,9, and 12 h. The curves in the graph show that disre-
garding the time of annealing the microhardness values
decrease non-linearly as the applied load increases up to
0.980 N, thereafter, the VHN values tend to attain satura-
tion. This type of non-linear behavior has also been
observed in the literature for several kinds of materials
and is termed an indentation size effect (ISE) [24-31]. The
ISE behavior can be explained qualitatively on the basis
of penetration depth of the indenter. Since the indenter pen-
etrates only surface layers at small loads, the surface effect is
more pronounced at these loads. However, as the depth of
penetration increases, the effect of inner layers becomes
more and more prominent and ultimately there is no change
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Fig. 5. The variation of microhardness with vacuum annealing time for
the nominal composition BiySr;Ca;CugO,.
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in the value of the hardness with load. The measured inden-
tation diagonal lengths and calculated microhardness val-
ues for different applied loads are given in Table 2 for
each period of annealing time.

In order to describe the ISE behavior of materials, sev-

eral relationships between the applied test load “P” and
indentation diagonal length “d”’ have been given in the lit-
erature. The simplest way to describe the ISE is Meyer’s
Law (1908) [25,26]
LogP =nLogd + LogK (3)
where “n” is the Meyer number (or index) and “K” is the
standard hardness constant. The values of Meyer’s index
n are used as a measure of ISE. When » < 2, the hardness
increases with decreasing applied load, which is termed
normal ISE. When n > 2 the hardness values increase with
increasing applied load which is called reverse ISE. When
n =2, the hardness is independent of applied load. How-
ever, the exponent n has values greater or lower than 2 in
most cases. The values of » and K in Eq. (3) may be ob-
tained from the plots of Ln P against Lnd. Typical plots
of the dependence of Ln P and Lnd for BSCCO samples
at funn =0, 3, 6,9 and 12 h are shown in Fig. 7. The deter-
mined n values obtained from the slopes of the best-fit lines
in this figure are tabulated in Table 3. From Table 3, it can
be noticed that n values vary from 1.44 to 1.58. These val-
ues of n indicate that Meyer’s Law is obeyed in our results.
On the other hand, the obtained results from Table 3 indi-
cate that the load independent hardness values are lower
than those of the conventionally estimated ones (Table
2). This observation is in agreement with experimental re-
sults in the literature [24,32].

Fig. 8 shows the apparent density change with increas-
ing vacuum annealing time for the BiySr;Ca;CugO, sam-
ples. One can easily observed that the measured density
increases with increasing annealing time and has a peak
at 1,,, = 9 h. This observation can be attributed to the fact
that the prolongation of vacuum annealing time increases
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Table 2
Measured diagonal lengths and calculated microhardness values of BisSr;Ca;CugO, samples for different applied loads
Applied load (N)  As-sintered tann/h =3 tann/h =6 fann/h =9 tann/h =12
d (um) VHN (GPa) d (um) VHN (GPa) d (um) VHN (GPa) d (um) VHN (GPa) d (um) VHN (GPa)
0.245 22.3 0.91 20.4 1.09 17.8 1.44 15.5 1.92 21.5 1.00
0.49 38 0.63 34.6 0.76 32.1 0.88 30.1 1.00 36.03 0.7
0.980 59.1 0.52 53.3 0.64 50.2 0.72 45.7 0.87 56 0.58
1.96 87 0.48 79.2 0.58 73.7 0.67 69.2 0.76 82.8 0.53
2.94 107.7 0.47 97.8 0.57 92.3 0.64 86.4 0.73 102.4 0.52
20— the enhancement of density is due to an increase in the
B A?ff‘.’f??red = long-range order of the crystal structure of annealed sam-
| 3h ples [34]. The measured density decrease after the peak is
1+ . likely due to an increase of the hole concentration [35].
6h On the other hand, the density deficiency results from the
s | Y decrease of structural symmetry and the degree of ordering.
i 0 A Generally, one can easily deduce that the mechanical prop-
S r erties are strongly affected by the macroscopic structural
B symmetry, oxygen content, and degree of ordering.
-1~
B 4. Concluding remarks
- 2_5’ < 3 35 a a5 5 In conclusion we formulate the following points as
Ln(d)(4m) below:

Fig. 7. The applied load LnP with the Vickers diagonal Lnd for the
nominal composition BiySr;Caz;CugO,.

Table 3
Hardness analysis results of BiySr;Ca3;CuqO, samples for Meyer’s Law
fann/h n K (GPa)
0.0 1.57 0.66
3 1.58 0.85
6 1.50 1.72
9 1.44 322
12 1.58 0.72
5.4
. L]
mE 5 - s \_\
L F - \
£ e N
R — Bl \
B /’_/./’ '\\
846 ¢ \
[
[ \
L .
1 1 1 1 1 1
4.2 0 2 4 6 8 10 12 13

Vacuum Annealing Time (h)
Fig. 8. The variation of density with vacuum annealing time for the

nominal composition BiySr;Caz;CugO,.

the ability of the 2223 lattice for a favorable rearrange-
ment, which leads to the increased density value [33]. Also,

1. X-ray diffraction analysis suggests that the domination
of the high-T, phase (222 3) increases as vacuum anneal-
ing time increases and that the optimal annealing time
with 7,,, =9 h produces a nearly pure Bi-2223 phase.

2. Vacuum annealing treatment causes an increase in the
metallicity of the Bi-O layers and in turn the values of
T, are enhanced.

3. SEM observations reveal that the sample with optimal
vacuum annealing time 7,,, =9h has good quality
plate-like crystals that are quite moderate in size and rel-
atively oriented.

4. Vacuum annealing treatment has a significant effect on
increasing the hardness. This high hardness can be
attributed to improvement of the thermal conduction
and hence stabilization of the temperature distribution
between superconducting grains.

5. The measured microhardness values of the BSCCO
materials are load dependent. The variation of micro-
hardness with load is non-linear. This observation is
related to the indentation size effect (ISE).

6. Vacuum annealing conditions lead to a substantial
increase of the sample density. This increase is owing
to long-range ordering of the sample’s crystal structure.
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