
ORIGINAL PAPER

Normal and Superconducting Properties of Bi1.7Pb0.30Sr2Ca1
−xLaxCu2Oy Superconductor with 0.00≤ x≤ 0.30

A. Sedky1 & Amna Salah1
& Aly Abou-Aly2

Received: 13 April 2020 /Accepted: 25 June 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
We report here normal and superconducting properties of Bi1.7Pb0.30Sr2Ca1−xLaxCu2Oy superconductor with various x values
(0.00 ≤ x ≤ 0.30). It is found that the replacement of Ca2+ by La3+ does not influence the phase purity of the samples, while the
orthorhombic distortion, excess oxygen, effective Cu valance, and hole carriers/Cu ions are affected. Further, the doping distance
and crystal geometry factor are decreased by La, but the distance between neighboring Cu atoms and the density of excess doping
are increased. Furthermore, the DTA graphs show strong endothermic peaks at a temperature of 844.1, 848.03, 850.10, and
857.41 °C for pure and La-doped samples, respectively. The thermogravimetric analysis diagrams displayed a sharp mass loss
started at about 800 °C and extended up to 1000 °C for all samples. Although the critical temperature Tc of the samples is
decreased by La from 94K to 83, 63, and 51 K, the critical concentration for quenching superconductivity can be extended above
0.30. Moreover, an inverse linear relation between Tm and Tc, given by Tc (K) = − 2.544 Tm (°C) + 2272.1, is also estimated. On
the other hand, the Vickers hardness Hv is increased by La up to 0.30 (Hv α Tm, Hv α (1/Tc)), but it is decreased by the applied
load F. The Hv-F characters are divided according to the applied load into two parts: the first at lower loads (0.00–1.962 N) and
the second at higher loads (2.942–4.904 N). It is noted that the surface energy, elastic indentation, and resistance pressure are
increased by La, but their values at higher loads are generally more than that of lower loads. Our results are discussed in terms of
the balance between the hole carriers lost by La3+ with that introduced by excess oxygen in the Cu-O2 planes, which alters the
quenching of superconductivity by La3+ and highlights the present work.
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1 Introduction

The orthorhombic unit cell of Bi:2212 with a~b = 0.544 nm
and c = 3.090 nm consists of two units of (Bi,Pb)2Sr2CaCu2O8

and 15 layers. The chemical formula of 8-oxygen atoms (8O2

−) needs 16 electrons at least provided by 2Bi3+ + + + 2Sr2+ +
1Ca2+ + 2Cu2+ ions. To be superconductor, Bi (Pb):2212
compound should be over doped with an excess oxygen atom

δ in the range of (0.10–0.23) [1]. The extra atom requires two
more electrons through transforming 2Cu2+ ions into 2Cu3+

ions, and therefore, the electronic arrangement in the unit cell
becomes 2Bi3+ + 2Sr2+ + 1Ca2+ + 2Cu3+ + 9O−2.

The Bi (Pb):2212 superconducting systems with critical
temperature Tc of 87 K have been early used in the fabrication
of wires and tapes due to their high critical magnetic fields and
critical currents [2, 3]. Bi (Pb):2212 phase is thermodynami-
cally stable against cooling over a wide range of temperature
up to 300 K [3, 4]. The partial replacement of Bi by Pb in
BSCCO system has been used to stabilize the purity and for-
mation of original 2212 phase and also to improve its
superconducting critical parameters. However, the highest
values of critical temperature Tc, critical field, and critical
current have been obtained at Pb = (0.20–0.30) [1–3].
Usually, Bi:2201 phase tends to co-exist with Bi:2212 phase
during synthesis, but the calcination process helps for
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increasing the amount of the Bi:2212 as a majority phase and
depresses the amount of Bi:2201 as a minority phase [5].

Themelt process is considered as the highly essential meth-
od for the behavior of thermal optimization of superconduc-
tors through solid-liquid phase diagram. Furthermore, the
transition points such as melting, sublimation, and solidifica-
tion can be obtained. Differential thermal analysis (DTA) and
thermogravimetric analysis (TGA) are considered the best
methods for identifying the above points [6]. TGA is a pow-
erful technique to explore the thermal stability of matter
through accurately monitoring the weight of the sample
against heating at constant rate. The change in the sample
weight during thermal treatments is attributed to the material
response as a result of thermal stress. This process can be
considered as the perfect way for exploring, in detail, decom-
position temperatures and ensuring a material performs ade-
quately in a given temperature range. DTA is used for mea-
suring the temperature difference between the sample and the
standard reference for obtaining solid-liquid phase diagram.
However, DTA up to 1000 °C with 10 °C min−1 heating rate
has been used early to investigate the amount of Bi (Pb):2212
phase relative to the amounts of the other phases such as Bi
(Pb):2212 phase. The DTA shows that the structure of Bi
(Pb):2212 phase is more stable and can be easily prepared as
stable pure phase as well as Bi (Pb):2201 phase [7].

The superconductivity of Bi (Pb):2212 system may be di-
rectly influenced by the substitution in the CuO2 planes itself
or indirectly in place of Ca2+ sites through affecting the charge
transfer to or from that planes. However, numerous reports
have been carried out on the effect of RE3+ substitutions in
place of Ca2+ in Bi (Pb):2212 system (RE3+ rare earth element
in lanthanide series) [8–15]. They approved that the replace-
ment of Ca2+ by RE3+ in that systems decreased the hole
carrier concentration, and consequently, their normal and
superconducting properties are affected. It is also concluded
that even though RE3+ improves the structural stability of the
system, the superconducting critical parameters show a
degrading tendency as the substitution content increases up
to critical concentration xc required for quenching supercon-
ductivity [16–18]. It is also found that xc is decreases as the
ionic size of RE3+ increases towards La ion in lanthanum
series, while few of the reports show an improvement for these
critical parameters by partial substitution of Y into Ca, Ba, and
Bi sites, respectively [19–21]. Unfortunately, most of these
reports have been focused on the RE3+ elements which al-
ready show superconductivity in the RE: 123 systems such
as Y, Gd, Sm, and Nd elements, and few of them are based on
La element due to poor superconductivity of La: 123.
Furthermore, the superconductivity is completely quenched
at xc = 0.25 for substitution of La in place of Ca in
(Bi,Pb):2212 systems, but it is increased above 0.25 for the
other RE elements such as Y, Gd, and Nd [22–27]. Although
the substitution of La3+ at Ca2+ sites in Bi (Pb):2212 shows a

depression for superconducting parameters up to 0.25, a ques-
tion mark should be taken on the Tc variations by the amount
of such substitution. Anyhow, the answer is still unclear and
needs to pay more attention, especially with systematic La
content up to 0.30.

The evaluation of mechanical properties, such as the hard-
ness, elastic modulus, yield strength, fracture toughness, brit-
tleness index, and ductility, is required for superconducting
industrial applications such as quasi-permanent magnets and
current loads. According to the geometry of indenter and size
of applied load, Vickers microhardness has been used to in-
vestigate the mechanical properties of solids in the form of
bulk samples. Generally, indentation size effect (ISE) occurs
when the microhardness decreases as the applied load in-
creases [28, 29], while the reverse indentation size effect oc-
curs when the microhardness increases with the applied load
[30–32]. Generally, the high Tc superconductors have relative-
ly poor mechanical properties, which limit as possible their
practical applications. One of the important strategies to im-
prove these properties is the substitution process. For exam-
ple, it is found that RE3+ substitution in place of Ca2+ im-
proves the connection between superconducting grains, and
consequently, the mechanical resistance has increased
[33–35].

As a continuation of the above work, and to understand
more about the influence of La3+ substitution at Ca2+ site in
Bi1.7Pb0.30Sr2Ca1−xLaxCu2Oy samples, a systematic study on
the structural, DTA, TGA, mechanical, and superconducting
analyses with various x values (0.00 ≤ x ≤ 0.30) is reported.
On the light of the present work, it is approved that although
the superconducting critical temperatures are decreased by La,
the xc for quenching superconductivity can be extended above
0.30. Furthermore, the decomposition temperature, hole
carries/Cu ions, and Vickers hardness are increased by La up
to 0.30. However, these findings are discussed in terms of the
correlation between the hole carriers lost by La with that in-
troduced due to excess oxygen resulting for increasing the xc
and solubility of La3+, which highlights the present work.

2 Experimental Details

The Bi2O3, PbO, SrO, La2O3, CaCO3, and CuO oxides and
carbonates of 4N purity (Bi,Pb)2Sr2Ca1−xLaxCu2Oy) are thor-
oughly mixed in required proportions and calcined at 825 °C
in air for 24 h. This exercise is repeated three times with
intermediate grinding at each stage. The resulting powder
was reground, mixed, and pressed into pellets at a force up
to 10 tons and sintered in air at 840 °C for 36 h and left in the
furnace for slow cooling to room temperature by a rate of 5°/
min. For more and more optimization of excess oxygen in the
samples, the pellets are annealed in air at 850 °C for 20 h and
left in the furnace for slow cooling to room temperature. The
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phase purity of the samples in powder form is examined by
using X-ray diffraction (XRD). DTA and TGA of the samples
in powder form are performed in the temperature range (30–
1000 °C) with heating rate of 10 °C/min. The melting behaviors
of the samples are analyzed by Schimadzu differential thermal
analysis-50 (DTA). The electrical resistivity of the samples is
obtained using the standard four-probe technique in closed cycle
cryogenic refrigerator within the range of 18–300 K (Displex)
employing helium gas. A 1.0-mA dc current, I, is supplied by a
digital Keithley 6221 constant current source, and the dc voltage
drop, V, is measured by using dc Keithley 181 digital
nanovoltmeter in the normal and reverse directions across the
samples. A calibrated chromel versus gold with 0.07 at % iron
(Kp-Au 0.07 at % Fe) thermocouple is used for recording the
temperature of the sample. The electrical resistivity of the sam-
ples is obtained using the relation, ρ ¼ Vwt

IL , wherew, L, and t are
the samples width, length, and thickness, respectively. Finally,
the Vickersmicrohardness of the samples at room temperature is
determined using manual microhardness tester model IN-412A
with an applied loads of (0.49–10 N) for 10 s.

3 Results and Discussion

3.1 Structural Analysis

The calculated and measured values of density ρth and ρexp for
the samples are listed in Table 1. It is clear that ρth and ρexp are
gradually increased by La, but the values of ρexp are higher
than that of ρth. The increase of ρ by La may be related to the
amount of excess oxygen produced during sample synthesis.
The porosity of the samples is calculated using the following
relation: PS = [1 − (ρexp/ρth)] and is listed also in Table 1 [6,
36]. The values of PS are gradually decreased by La, which is
probably related to decreasing the number of pores due the
effective hole carriers as a result for La substitution. It is evi-
dent from XRD pattern shown in Fig. 1 that all samples are

single phase and free from any impurity phases. The obtained
peaks are identified by 2212 (hkl)H and 2201 (hkl)L as majority
and minority superconducting phases, respectively [37, 38].
The hkl peaks of high intensities indicated by H belong to the
studied Bi (Pb):2212 high phase (Tc = 87 K), while the hkl
peaks of lower intensities indicated by L belong to Bi
(Pb):2201 low phase (Tc = 23 K). However, the composition
of low 2201 superconducting phase is (Bi,Pb)2Sr2CuO6, and it
is normally formed as minority phase and cannot be consider
as impurity phase as well as the minority 2212 phase formed in
2223 phase. However, there are only four peaks formed and
related to 2201 such as (113), (115), (019), and (033).

The volume fraction of the Bi (Pb):2212 superconducting
phase (V2212) of the samples is determined by using the fol-
lowing relation [39, 40]:

V2212 ¼ ΣI2212 peaksð Þ
ΣI2212 peaksð Þ þ ΣI2201 peaksð Þ þ ΣIother peaksð Þ

ð1Þ
where I2212, I2201, and Iother are the intensities of peaks for
2212, 2201, and impurity phases, respectively. As listed in
Table 1, a little bit decrease of the V2212 by La up to 0.15
followed by an increase with further more increase of La up
to 0.30 is obtained. The V2212% of the samples is 92.8%,
92.3%, 92.3%, and 96%, respectively.

The average crystallite diameter Dhkl is evaluated by the
following Scherer equation [41–43]:

Dhkl ¼ kλ
Δθcosθ

ð2Þ

where λ is the X-ray wavelength (λ = 1.5418Ǻ), Δθ is the half
maximum line width, θ is the Bragg angle, and k is constant
(k = 0.93 for most of ceramic materials). By using the Lorentz

Table 1 Lattice parameters, c/a, OD, D, β, V2212%, ρ, and PS for pure
and La samples

La cont. a (Ǻ) b (Ǻ) c (Ǻ) c/a OD V2212%

0.00 5.383 5.412 30.764 5.716 0.0054 92.8%

0.05 5.393 5.404 30.784 5.709 0.0021 92.3%

0.15 5.397 5.406 30.782 5.704 0.0018 92.3%

0.30 5.386 5.415 30.776 5.714 0.0054 96.0%

La cont. D
(nm)

β (nm)−2 ρexp

(g/cm3)
ρth

(g/cm3)
PS

0.00 18.67 0.0029 5.11 5.42 0.057

0.05 19.03 0.0028 5.19 5.40 0.039

0.15 22.87 0.0019 5.26 5.43 0.031

0.30 25.81 0.0015 5.35 5.51 0.029 Fig. 1 XRD patterns for pure and La the samples (H and L indicate to Bi
(Pb)2212 and Bi (Pb) 2201 phases)
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square method, values of Dhkl listed in Table 1 are 18.76,
22.87, 19.03, and 25.93 nm for pure and La samples, respec-
tively. The dislocation density (β) calculated by, β = 1/D2, and
listed in Table 1 is between 0.0029 and 0.0015 for all samples,
which indicates that the samples have very few lattice defects
and good crystalline quality as obtained by XRD [44].

The variations of lattice parameters a, b, and c listed in
Table 1 indicated that b and c/a are slightly decreased by La
up to 0.15 followed by an increase at 0.30, while a little bit
simultaneous expansion along the c-axes is obtained followed
by a decrease at 0.30. The behavior of orthorhombic distortion
OD= (b − a)/a) listed in Table 1 is similar to b and c/a variations.
This is due to the difference between the ionic radii between La3+

ions (1.18Ǻ) and Ca2+ (1.12Ǻ) at the same 8-fold coordination.
However, the unusual behavior for the above parameters against
La content is often related to the excess of oxygen inserted into
BiO layers and also the Cu-O bonding in the Cu-O planes as
reported elsewhere [20, 22, 45]. The ratio (c/a) is generally used
to characterize the Jahn-Teller distortion of the oxygen octahe-
dron around Cu2+, and therefore, a systematic change of c/a by
La content indicates that La release the Jahn-Teller distortion of
the CuO6 octahedron markedly [46, 47].

The oxygen content y of superconducting systems can be
obtained by titration in terms of a parameter H using the fol-
lowing formula [48]:

H ¼ V1m2

V2m1

� �
−1

� �
; y ¼ 8þ 1:5H ð3Þ

where V1, V2, m1, and m2 are the volumes of Na2S2O3 solu-
tions and masses of the sample during the first and second
titration, respectively. The values of y listed in Table 2 for

the samples are increased from 8.096 for pure sample to
8.168, 8.473, and 8.575 for La samples, respectively. This
behavior indicated that La helps for more excess of oxygen
to the La free system. On the other hand, the effective Cueff

valance can be also obtained with the help of the valence state
of the composition elements (Bi+3, Pb+2, Sr+2, Ca+2, La+3, and
O−2) as 3 × 1.7 + 2×0.3 + 2 × 2 + 2(1 − x) + 3x + 2Cueff = 2y,
using the following relation:

Cueff ¼ 2y− 9:7þ 2 1−xð Þ þ 3x½ �
2

ð4Þ

where x is the La content. The values of Cueff listed in Table 2
are also increased by La as well as y. It is increased from 2.246
for pure sample to 2.293, 2.548, and 2.575 for La samples,
respectively.

However, the formation of 2212 high Tc requires the exis-
tence of Cu3+ ions in the form of excess oxygen in/or near to
the CuO2 planes [26, 49, 50]. It is believed that the Coulomb
potential caused by the excess oxygen atoms pins the doped
holes in the CuO2 planes so as to minimize their total energy
[51]. It is found that the excess oxygen atoms introduced in the
system have been transformed into a distance assuming a uni-
form density of excess oxygen positions in the CuO2 planes.
This has been done by representing a unit area for one doping
element as a square planar configuration. The considered unit
area is formed by four doping elements at each corner and
having ∑ elements. The density of excess doping Σ−1 in
Bi:2212 system is given by Σ−1 = (1 − 8y−1) relation, where
∑ is the doping density [52, 53]. The excess oxygen can be

also converted into a doping distance d given by d ¼ a
ffiffiffiffi
Σ

p
.

Furthermore, the distance z between any two neighboring Cu
atoms in the designated direction can be calculated in terms of

a parameter by z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2að Þ2 þ a2

h ir
¼ a

ffiffiffi
5

p
. Moreover, the

crystal geometry factor (CGF) of the superconducting planes
area can be obtained by the following [51–53]:

CGF Jm2 kg
� � ¼ 2dð Þ2n−3

2 2πKBT cmeff

h i
¼ 6:31� 10−54d2T cn

−3
2 ð5Þ

Table 2 y, Cueff, , d, Z, and CGF for the samples

La cont. y Cueff )∑(1/2 )∑(−1 d (Ǻ) Z (Ǻ) CGF

0.00 8.096 2.246 9.183 0.012 49.434 12.036 51.2E-70
0.05 8.168 2.293 6.973 0.021 37.604 12.059 26.8E-70
0.15 8.473 2.548 4.232 0.056 22.842 12.068 7.30E-70
0.30 8.575 2.575 3.862 0.067 20.799 12.043 4.87E-70

Fig. 2 a, bDTA and TGA curves
for pure and La the samples
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where n is the number of CuO2 planes (n = 2 for 2212) and
meff is the effective mass of the hole-doped cuprates (meff =
2me = 18.2 × 10−31 kg). We therefore simply apply the above
relations for the samples to check the response of La to the
pure system. The values of d, ∑−1, z, and CGF listed in
Table 2 indicated that d and CGF are decreased by La, while
z and ∑−1 are slightly increased. Decreasing the doping dis-
tance d along with increasing the density of excess doping z by
La is considered the good evidence for increasing the hole
carrier concentration of the system.

3.2 DTA and TGA

Figure 2a shows the DTA patterns of the pure and La samples.
It is evident from the figure that with increasing temperature
above RT, there are some exothermic and endothermic peaks
observed and gradually shifted to higher temperature as La
increases. They occurred at temperature ranges of 30–200 °C,
200–450 °C, 450–700 °C, and 650–800 °C for the samples,
respectively. This is corresponding to crystallizations of 2201,
2212, and (Sr,Ca)2CuO3 phases, and also due to transformation
of 2201 phase to 2212 phase. With increasing temperature at
about 800 °C, the tendencies of 2201 crystallization phase de-
crease and completely disappear. Interestingly, the strong en-
dothermic peaks occurred only at a temperature of 844.1,

848.03, 850.10, and 857.41 °C, and no any other strong peaks
could be observed which reinforce the purity of the samples as
indicated by XRD. This is due to decomposition reaction of
2212 superconducting phase, and it is usually attributed to the
increase of optimum temperature of the mixture due to La,
which facilitates the growth of 2212 phase. Such observed
increase in Tm emphasizes the role of La addition on the internal
structure of the examined samples. Furthermore, the endother-
mic heats recorded at the endothermic peaks listed in Table 2
are decreased from 2.15 J for pure sample to 1.95, 1.7, and
0.66 J for La samples, respectively. This obtained result
claimed that the 2201 phase melts above 800 °C, and after that,
it decomposes into 2212 phase, as reported elsewhere [54, 55].
These results indicated that La improves the melting point of
2212 without producing any other additional compound.

The mass loss was determined by TGA shown in Fig. 2b
indicating that the samples (x = 0.00, 0.05, and 0.15) displayed
a gradual quite of mass loss starting above a temperature of
30 °C to about 450, 600, and 800 °C, followed by a mass gain
and then followed by a sharp mass loss at about 800 °C.
However, the period of mass gain completely disappears for
La = 0.15 sample. But with increasing La up to 0.30, a gradual
mass gain occurs with increasing temperature form 35 °C up
to 500 °C, followed by a sharp mass loss up to 1000 °C. It is
obvious that gradual mass loss is due to de-oxidization, while

Fig. 3 Resistivity versus
temperature curves for pure and
La the samples

Table 3 Tm, heat at the peak, ΔT
(°C), and mass loss (%) for the
samples

La cont. Tm (°C)

(DTA)

DTA heat
at peak (J)

ΔT (°C) TGA TGA mass loss (%) ΔT (°C) TGA TGA mass
loss (%)

0.00 844.51 − 2.15 (44–624) − 0.207 (627–991) − 3.046
0.05 848.03 − 1.95 (32–613) − 0.408 (617–993) − 3.114
0.15 850.10 − 1.70 (33–686) − 0.735 (691–991) − 2.538
0.30 857.41 − 0.66 (35–700) + 0.371 (706–995) − 2.759
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the mass gain is due oxidation. It is clear that La has an effect
on the starting temperature of mass loss and also mass gain.
The temperature at which the mass gain begins is shifted to

higher values as La increases up to 0.15. Anyhow, a sharp
mass gain close to 800 °C may be due to the decomposition
temperature as indicated by DTA analysis. Increasing the

Fig. 4 a [Tc(x)/Tc(0)] versus RE
content for the present and
reported data. b Tc versus La
content for pure and La the
samples. c Tc versus Tm for pure
and La the samples
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mass loss/mass gain by La is related to the excess of oxygen as
discussed above. Consequently, the sample takes more oxy-
gen atoms to fill these oxygen deficiencies [6, 7, 56].
Interestingly, the oxygen content y of the samples is calculated
for Y:123 with the help of TGA analysis using the following
empirical relation [57];

y ¼ αþ x
2

	 

þ ℓ

m−ℓ
M
16

� �
ð6Þ

where α is a parameter (α = 3.5) for Y:123 systems, x is the
doping content, m is the mass of the sample, ℓ is the average
mass loss, and M is the atomic weight. Substituting by the
values of ℓ, M, andm deduced from TGA, and y from titration
method, we found that α = 6.5 for 2212 system.

3.3 Resistivity Measurements

Figure 3 depicts the resistivity versus temperature for pure and
La samples. From this figure, it can be observed that the re-
sistivity decreases almost linearly from room temperature and
beyond which it turns to zero at a critical temperature Tc. It is
also noted that all samples exhibit a clear metallicity and the
linear part of curves from RT down to onset temperature has a
positive slope dρ/dT and its extrapolation to T = 0 K provides
the residual resistivity ρo. Usually, ρo is related with impurity
scattering, while dρ/dT is related with carrier-carrier scattering

[58]. However, the resistivity drop occurred in a single step for
pure sample as indicated in the figure implying a single phase,
while La samples have broadened the width of transition tem-
perature, ΔTc [59]. However, the values of ρ300, ρo, and ΔTc
presented in Table 3 are increased by La, but dρ/dT is de-
creased. Furthermore, the Tc is observed at 94 K for pure
sample, but it is decreased to 85, 63, and 51 K for La samples.

We would like to mention here about the substitution of
RE3+ in place of Ca2+ in Bi (Pb):2212 system [8–21]. The
reported data of the reduced critical temperature [Tc(x)/Tc(0)]
against rare earth elements are drawn and shown in Fig. 4a,
and the present data are enclosed for comparison. This behav-
ior indicated that La3+, compared with the other rare earth
elements of lower ionic size such as Y and Dy, has nearly a
similar behavior. But the present work is less detrimental to
the superconductivity as compared to the reported for La as
indicated in the figure. On the other hand, it is evident from the
Fig. 4a that the critical concentration xc of La required for
quenching superconductivity can be extended above 0.30
rather than the reported (0.25). However, different solubilities
of rare-earth element R3+ in Bi (Pb):2212 system can be un-
derstood by a comparison of their ionic radii of 1.02, 1.03, and
1.18Ǻ at 8-fold coordination for Y, Dy, and La with respect to
1.12 Ǻ of Ca2+ [60]. It is approved that the solubility has
decreased as one move towards the right in lanthanide series
such as La, which is not obtained in the present work. An
inverse linear relation between Tm and Tc is obtained in
Fig. 4c and given by Tc (K) = − 3.29 Tm + 2867.5. This is
completely consistent with the reported data for the inverse
linear relation between Tc and Tm for Y:123, Bi:2223, and
Ti:2223 superconducting systems [61]. Although the Tc
values are respectively 92, 110, and 125 K for these systems,
the values of Tm are 1010, 867, and 807 °C, respectively. This
finding suggests that in order to get higher Tc, a eutectic com-
pound of lower melting point should be looked forward.

The phase diagram of high Tc systems is well described by
the parabolic relation [62]:

Tm
c

T x
c

¼ 1−82:6 p−0:16ð Þ2 ð7Þ

Fig. 5 Measured hardness against applied load for pure and La samples

Fig. 6 a, b Young’s modulus and
Yield strength against applied
load for pure and La samples
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where Tc
m is the maximum critical temperature of the pure sam-

ple (94 K) and Tc
x is the critical temperature of the La samples. p

is the hole-carrier concentration per Cu ion. It is clear from
Table 2 that p is increased from 0.16 for pure sample to 0.19,
0.22, and 0.23 for La samples, respectively. This behavior occurs
as a result of more positive charges transferred by La to the CuO2

planes. But this disagree with the general role of substitution as a
result of replacing Ca2+ by La+3, and therefore, p, should be to
decreased. According to the mechanism of the excess of oxygen
in BSCCO system, the electrons are transferred from Cu sites to
BiO layer leading to the formation of holes on the Cu and elec-
trons on the Bi as follows: Bi3+ + Cu2+→Bi3-x +Cu2+x [63].
These aforesaid changes in the valence state of Bi are reflected
due to the change of hole carriers owing to the excess of oxygen.
To clarify this point according the role of substitution, we sup-
posed that La3+ decreased the density of hole carriers, and at the
same time, the excess of oxygen introduced some excess of holes
in the Cu-O2 planes, and consequently, the effective (net) num-
ber of holes will be increased. This can be also supported by
decreasing the doping distance and increasing the excess oxygen
as discussed in the above paragraph.

3.4 Microhardness Measurements

The Vickers microhardness Hv at different loads for the sam-
ples is calculated by the following relation [64]:

Hv ¼ 1854:4
F

d2p

 !
ð8Þ

where Hv is given by GPa, dp is the diagonal length of the
indentation by micrometers, and F is the applied load by N

(F = 0.49, 0.981, 1.962, 2.942, and 4.904 N). It is obvious
from the curves ofHv versus F shown in Fig. 5 thatHv values
are decreased by increasing F up to 4.904 N. This behavior is
usually due to increasing the penetration depth where the inner
layer effect becomes more prominent as discussed above (the
well-known indentation size effect). Interestingly, at constant
F, the values of Hv are increased by La, which can be attrib-
uted to decreasing the impurities and also increasing the den-
sity of the samples as listed in Table 1. This helps for improv-
ing the connectivity between the superconducting grains, and
consequently,Hv has improved. The elastic Young’s modulus
E and yield strength Y are related to theHv as follows [65, 66]:

E ¼ 81:9653Hv; Y ¼ Hv

3

� �
ð9Þ

However, a similar behavior of both E and Y against F
could be obtained and shown in Fig. 6a, b. This is probably
due improving the roughness and interlayer bonding of
superconducting grains when Ca is replaced by La.

The diagonal length dp is strongly dependent on the applied
load F according to the following relation [22, 67–69]:

F
dp

¼ Htdp þ γ ð10Þ

where Ht is the true hardness and γ is the surface energy.
As a result of unsystematic linear behavior for the lines, the
character is divided into lower and higher loads for sim-
plicity. The plots of (F/dp) against dp for the lower and
higher loads are shown in Fig. 7a, b where the slope rep-
resents Ht and the intercept represents γ. Interestingly, the
slope of the linear plot is positive for all samples at lower
loads (0.00–1.962 N). While at higher loads, the slope is

Fig. 7 a, b The plot of F/dp
against dp at lower load for pure
and La samples

Table 4 ρ300, ρo, dρ/dT, Tc, Ton,
Tc(x)/Tc(0), ΔTc, and p for
samples

La content ρ300 (mΩ cm) ρo (mΩ cm) dρ/dT (mΩ cm/K) Tc (K) Ton (K) ΔTc (K) p

0.00 2.06 0.40 0.0065 94 103 9 0.16

0.05 4.15 1.15 0.010 83 99 13 0.19

0.15 4.93 2.85 0.007 63 80 17 0.22

0.30 13.39 5 0.027 51 65 14 0.23
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negative for La = 0.00 and 0.05 samples and changed to
positive for La = 0.15 and 0.30 samples. However, the dif-
ferent values of Ht and γ are listed in Table 4. It is clear that
Ht has a similar behavior of Hv, which indicates a decrease
of crack faces by La and supports the hardness improve-
ments. But the values of γ are generally decreased from
0.029 N/μm to 0.021 N/μm for pure sample at higher
loads, and from 0.008 to 0.005 N/μm at lower loads.
From atomistic point of view, the more compacted surface
the higher hardness and thus having lower surface energy.

The indentation size effect can be explained by two differ-
ent methods [70–73]. The first method assumes that the in-
dentation contains an elastic portion of the deformation which
is supposed to relax upon the load beside plastic deformation.
This can be accounted by adding an elastic component de to
the measured elastic component dp, supposing that they are in
the same direction, as follows [28, 74]:

Ht ¼ 1854:4
F

dp þ de
� �2
" #

dp ¼
h	

1854:4Ht
−1
2

i
F

1
2−de

ð11Þ

The plot of dp versus F1/2 at lower and higher loads is
shown in Fig. 8a, b, in which the slope represents

[(1854.4)1/2(Ht)
−1/2], and the vertical intercept represents the

de. The values de listed in Table 5 are generally decreased by
La which emphasizes the hardness suppression as discussed
above. Furthermore, the values of de at higher loads are higher
than that of lower loads. At lower loads, de is decreased from
13.62 μm for pure sample to 10.07, 8.16, and 5.48 μm for La
samples and from 253.72 to 150.34, 88.93, and 42.41 μm at
higher loads.

The second method considers the effect of energy dissipa-
tive processes, and therefore, the Ht can be defined by
subtracting the dissipative part Fo from the applied load F as
follows [75]:

Ht ¼ 1854:4
F−Fo

dp2

� �

F ¼ Ht

1854:4

� �
d2p þ Fo

ð12Þ

The slope of linear plot of F against dp
2 is shown in

Fig. 9a, b, in which (Ht/1854.4) represents the slope and the
intercept represents the resistance pressure Fo. The values of
Fo listed in Table 5 are decreased by La, but at higher loads,
they are more than that of lower loads (Fo (HL) = 10 Fo (LL).
It is decreased at lower load from 0.22 for pure sample to 0.19,
0.16, and 0.12 N and from 2.21 to 1.92, 1.62, and 1.08 N at
higher loads.

However, the following points are obtained due substitu-
tion of La in place of Ca in Bi (Pb):2212 superconducting
phase: (i) A clear 2212majority superconducting single phase;
(ii) increasing the density, c-parameter, and excess of oxygen;
(iii) decreasing orthorhombic distortion, doping distance, and
crystal geometry factor; (iv) increasing the distance between
Cu atoms, density of excess doping, hole carriers per Cu ion,
effective Cu valence, critical concentration for quenching su-
perconductivity, and hardness; (v) shifting endothermic peaks
to higher temperatures; (vi) a sharp of mass loss starting at
about 800 °C; (vii) decreasing the critical temperature, surface
energy, resistance pressure, and elastin indentation.

In the above background, the following points are conclud-
ed. Firstly, the Tc depression is not related to the phase purity
or bad microstructure in the form of secondary phases rich in

Fig. 8 a, b Measured indentation
against loads for pure and La
samples

Table 5 Ht, γ, de, and Fo for pure and La samples

La cont. Ht (GPa) γ (N/m) de (μm) Fo (N)

Low loads

0.00 0.371 0.008 13.62 0.22

0.05 0.556 0.007 10.07 0.19

0.15 0.556 0.006 8.16 0.16

0.30 0.742 0.005 5.48 0.12

High loads

0.00 − 0.056 0.029 253.72 2.21

0.05 − 0.017 0.029 150.34 1.92

0.15 0.074 0.029 88.93 1.62

0.30 0.185 0.021 42.41 1.08
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Sr [76–78]. Secondly, although La decreased the hole carriers,
the excess oxygen is more than enough to compensate the
variation of charge in the system, and consequently, the num-
ber of holes in the CuO2 planes increases. The balance be-
tween the hole carriers lost by La3+ with that introduced by the
excess of oxygen results in increasing the effective (net) of
hole carriers, which can be considered as the possible reason
for altering the quenching of superconductivity by La3+ in the
present work. However, the consistency of these points gave
us a fair degree of certainty to the suggestion of La substitution
in place of Ca in Bi (Pb):2212 system.

4 Conclusion

Structural and normal properties of Bi1.7Pb0.30Sr2Ca1
−xLaxCu2Oy superconductor with various x values (0.00 ≤
x ≤ 0.30) are investigated. We have shown that the replace-
ment of Ca2+ by La3+ increased the excess of oxygen, effec-
tive Cu valance, and hole carrier per Cu ion. Further, the
doping distance and crystal geometry factor are slightly de-
creased, while the distance between Cu atoms and the density
of excess doping are increased. Furthermore, a strong shift of
endothermic peaks to higher temperatures and also a sharp
mass loss is obtained. Although the critical temperatures Tc
are decreased by La, the critical concentration for quenching
superconductivity xc can be extended above 0.30. Moreover,
an inverse linear relation between Tm and Tc given by Tc (K) =
− 3.29Tm (°C) + 2867.50 could be obtained. On the other
hand, Vickers hardness Hv is decreased by the applied loads
F, but it is increased by La (Hvα Tm,Hv α (1/Tc)), and theHv-
F character could be divided into lower and higher loads. The
surface energy, resistance pressure, and elastic indentation are
generally decreased by La, and their values at higher loads are
more than that of lower loads. The balance between the hole
carriers lost by La3+ with that introduced by excess of oxygen
resulting for increasing the effective (net) of hole carriers can
be considered as the possible reason for altering the quenching
of superconductivity by La3+ which highlights the present
work.
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