
DOI: 10.1007/s10909-006-9209-5
Journal of Low Temperature Physics, Vol. 143, Nos. 1/2, April 2006 (© 2006)

Effect of Cd Addition on Superconducting Fluctuations
and Mechanical Properties of

Bi1.82Pb0.36Sr2Ca2CdxCu3Oy System

S. M. Khalil

Physics Department, Faculty of Science, South Valley University, Sohag, Egypt
E-mail: khalil 20002000@yahoo.com

(Received August 31, 2005; revised November 23, 2005)

A study was made of the effect of Cd additions on the superconducting and
mechanical properties of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy (x = 0.0, 0.15, 0.25,
0.35 and 0.55). Characterization of the Cd-samples using XRD, DTA, and
SEM techniques, has confirmed that remarkably formation of low-Tc phase
(2212) by the addition of Cd up to 0.35. High-resolution electrical resistiv-
ity ρ(T ) data on the composition of Cd = 0.35 have been taken for investi-
gating critically the superconducting fluctuations. Using the Aslamazov and
Larkin (AL) and Lawrence and Doniach (LD) models of excess conduc-
tivity. Excess conductivity analysis shows that this composition (Cd = 0.35)
is 2D in the temperature range 137.8–163.7 K and a 3D one below 137.8 K.
Thus, a crossover from 2D to 3D is observed at 137.8 K. Sample microhard-
ness and density are greatly improved by Cd-additions (0.35). This trend is
probably due to the intercalation of cadmium between superconducting grains
in compositions may provide a plastic-flow region that allows relaxation of
undesirable stresses resulting from the grain anisotropy of superconductors.

KEY WORDS: Bi1.82Pb0.36Sr2Ca2CdxCu3Oy compound; addition; excess
Conductivity; DTA; high-Tc phase (2223); low-Tc phase (2212); microhard-
ness; porosity.

1. INTRODUCTION

It has been well established that, in the Bi–Sr–Ca–Cu–O system of
high-Tc oxides superconductors, there are three phases responsible for
transition temperatures (T o

c ), i.e. 110 K (2223) phase, 85 K (2212) phase
and 20 K (2201). Dopant as one of the important method often used
during the ceramic processing to modify the characteristics of the mate-
rial produced. However, several successful attempts have been directed
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towards obtaining a best superconducting results by incorporating suitable
amount of lead into bismuth system.1,2 An interesting results has been
reported on the influence of addition of Cd in raising T o

c from 80 to
100 K in Bi-system.3−5 The increase of T o

c has also been reported in Cd-
doped (Pb,Cu)Sr2(Y,Ca)Cu2O7-δ,6,7 the highest Tc (onset) is up to 92 K
in this system, Cd2+ ions mainly substitute within the rock-salt-type layer
incorporating Pb4+. Also, the authors8,9 have successfully synthesized Bi-
1212 superconducting cupartes with a (Bi,Cd)O monolayer. In this circum-
stance it is of interest to investigate the effects of the Cd-addition on the
superconducting fluctuations and mechanical parameters of the ceramic
samples of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy(0.0 � x � 0.55). The best results
have been reported for sample of Cd = 0.35. The salient features of this
composition, besides their high transition temperature, are the quasi-2D
character and short coherence length. The study of excess conductivity
provides useful information about some of the fundamental aspects includ-
ing the mechanism of superconductivity. There have been studies on the
excess conductivity along the lines of the Aslamazov and Larkin (AL) and
Lawrence and Doniach (LD) models. These investigations have been car-
ried out on samples of either mixed phases (80 and 110 K) or with a long
tail of low-Tc phase in the ρ(T ) diagram.10 It is worthmentioning here
that T o

c is very much sensitive to the sample inhomogeneities which ulti-
mately tend to broaden the transition width (�Tc). Also, Mandal et al.11

have observed a distinct 2D–3D crossover in excess conductivity behaviour
for Bi2Sr2Ca1Cu2Ox near T o

c .
On the other hand, mechanical properties of high temperature ceramic

superconductors (HTCS) may be the most important consideration, aside
of critical current density, in most practical applications. High-Tc super-
conductors have relatively poor mechanical properties (elastic modulus,
fracture toughness and hardness), which limits the use of these materi-
als in practical applications. One of the important strategies to improve
these mechanical properties was the doping process. For BSCCO, modi-
fication of the mechanical properties can be achieved by Y3+ addition,12

Khalil proved that Y-addition (0.35) improves the mechanical connec-
tions between grains consequently the mechanical resistance is increased.
Additions of Ba2+ has also shown improvement in fracture toughness of
bulk BSCCO and the same time enhancing the superconducting prop-
erties.13 A 45% addition to bulk BSCCO resulted in toughness increase
from 6.27 × 10−3 to 13 × 10−3 MPa

√
m.13 Another approach to improve

the mechanical properties of BSCCO superconductors is development of
microstructure.14 Based on the beneficial effect of Cd addition to BSCCO,
the objective of this study was to perform a detailed evolution of the
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effects of Cd additions on the mechanical and superconducting properties
of BSCCO superconductors, relating to the change of microstructure.

2. MATERIALS AND EXPERIMENTAL TECHNIQUES

The investigated samples of the nominal composition of Bi1.82Pb0.36Sr2
Ca2CdxCu3Oy (x = 0.0,0.15,0.25,0.35, and 0.55) were prepared by the
standard solid state reaction technique. High grade (99.999%) oxides and
carbonates powders were well mixed and ground in an agate mortar, the
mixture was pre-heated at 800 ◦C in air for 20 h. The resulting powders
were ground again and pressed into disk shape pellets by applying a load of
49 KN. After cold pressing, the pellets were sintered at 870–890 ◦C for 60 h
in air. After sintering, the samples were furnace-cooled. The electrical prop-
erty of the samples was carried out by ordinary four probe method at tem-
perature range 77–300 K. Conductive silver paint was used for contacts. A
copper-constantan thermocouple was employed to measure the sample tem-
perature. To characterize the mechanical properties of the synthesized mate-
rials the microhardness was investigated on E. Ltd.Wetzlar microhardness
tester. Each indentation was separated from previous or specimen edge by
at least twice (usually five times) its anticipated length. Loads applied were
(0.25,0.49 and 0.98 N). The diamond indenter had a descent time adjusted
to 28 s, the maximum allowed, its dwell time, during when static or quasi-
static loading took place, lasted 15 s. Care was taken in cleaning its tip with
acetone between each loading.

The Vickers hardness (VHN) was determined using the following for-
mula:

V HN =1.8544 (P/d2),

where “P” is the applied load in N and “d” is the diagonal length of in-
dentor impression in (m.m).

In most materials, the elastic modulus E is related to the bulk hard-
ness Hv by the relation E =81.9635Hv [14].

The structural evolution of Cd-samples was performed by using a
Schemdzu X-ray powder diffractometer (XRPD) with CuKα radiation and
a constant scan rate of 2� = 4–50◦. On the other hand, the microstruc-
tural investigations were performed using a Jeol JSM-5300 scanning elec-
tron microscope (SEM). The melting behaviour of the examined samples
was analyzed by differential thermal analysis (DTA). DTA investigations
were performed using a Schimadzu differential thermal analysis-50. The
rate of heating equal to 10◦C min−1. Relative density and porosity were
performed by Archimedes method.
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3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction Investigation

Figure 1(a–c) shows the sequence of X-ray diffraction patterns of
the Cd-addition samples of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy (0.0 � x � 0.35).
Open circles, crosses and closed triangles in this figure indicate the high-
Tc (2223), low-Tc phase (2212) and 2234 phase. Figure 1(a) shows that
the sample of free Cd (x = 0.0), contains mainly low-Tc phase (2212), the
high-Tc phase (2223) and the 2234 phase are also still clear. The last one
phase having T o

c of 95 K was reported by W. Xiaolin et al.15. Figure 1(b)
shows raise in the low-Tc phase (2212) and decrease in the superconduct-
ing phases (2223 and 2234) in sample with enrich in Cd content (x =
0.25). It is worthmentioning that, the sample of 0.25 contains supercon-
ducting phases (2223 and 2234) but the superconducting transition steps
of these two phases have not been detected in the resistivity–temperature

Fig. 1. (a–c) X-ray powder diffraction data for Bi1.82Pb0.36Sr2Ca2CdxCu3Oy, x = 0.0,0.25
and 0.35. Open circles (High-Tc phase), Crosses (Low-Tc phase), Closed triangles (2234
phase).
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measurement, see Fig. 3, this is due to the less content of 2223 and 2234
phase than that 2212 phase or a lack of connectivity between the grains
containing these two phases. In Fig. 1(c), the sample of x = 0.35 seems
completely domination of low-Tc phase (2212) and nearly disappearance
of superconducting phases (2223 and 2234). This behaviour may be due
to the transformation of 2223 and 2234 into 2212 phase by cadmium dop-
ing. From the above results of X-ray diffraction, it can be suggested that
the amount of Cd = 0.35 is quite effective in domination of low-Tc phase
(2212). However, these results are agree with the authors.15,16

3.2. Differential Thermal Analysis (DTA) Results

In order to investigate the role of Cd element on the formation of
2212 phase together with the disappearance of 2223 phase and 2234 phase
in the system of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy(0.0 � x � 0.55), DTA was
performed. Figure 2(a–d) shows the DTA pattern of Cd-samples (x =0.0,
0.15, 0.25 and 0.35) respectively. This figure indicates that a decrease in
melting temperature Tm of the Cd-doped samples with increasing in Cd
content from 882 ◦C for x = 0.0 to 860 ◦C for x = 0.35. This reduction in
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Fig. 2. (a–d) DTA curves of the powders for the system of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy, (a)
Cd(x =0.0), (b) Cd(x =0.15), (c) Cd(x =0.25), (d) Cd(x =0.35).



36 S. M. Khalil

Fig. 3. Electrical resistivity versus temperature of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy (x = 0.0 −
0.55).

melting temperature may be attributed to the addition of Cd lowed the
optimum temperature for the mixture, which facilitate the growth of 2212
phase. Such observed reduction in Tm emphasizes the role of Cd-addition
on the internal structure of the examined samples. This result was rec-
ommended by S. Bernik et al.,17 they claimed that the 2223 phase melts
above 860◦C and decomposes into 2212 phase. Besides, Honda et al.18

suggested that the substitution of K into Ca site lowed the melting point
of mixture and the high-Tc phase cannot be formed. The disappearance of
the 2223 phase and the 2234 phase by the addition of Cd element to the
Bi-system also means the crystal structure of 2212 phase more stable than
that of 2223 and 2234 phase by the substitution of Cd element.

3.3. Electrical Properties

The electrical properties of the samples were examined by resistivity ver-
sus temperature measurements (ρ–T ). Figure(3) plots the variation in sam-
ple resistivity with temperature for Cd-doped samples Bi1.82Pb0.36Sr2Ca2
CdxCu3Oy(0.0 � x � 0.55). For all samples, as the temperature is lowered,
the initial decrease in resistivity is almost linear. This variation is charac-
teristic of a metal having ohmic behaviour. In Fig. 3, the as-sintered sam-
ple seems a metallic and turned to complete superconductor through three
stages around 123,108 and 85 K, respectively. After that sequence and grad-
ually decrease in resistivity to zero at T o

c ≈77 K. These anomalous resistiv-
ity drops can be attributed to the competition between multiphases in this
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compound and these phases may having different T o
c . Addition of Cd = 0.15

to the parent sample reduces these three stages to twice stages around 101
and 88 K, respectively which was followed by fall in electrical resistivity to
reach zero value at T o

c ≈ 83 K. A significantly different temperature depen-
dence of resistivity is observed in the sample of x =0.25, only one supercon-
ducting transition takes place around T ons ≈121 K. Thereafter, the electrical
resistivity falls off relatively slowly, and it drops to zero at T o

c ≈ 86 K. For
the sample of x =0.35, it can be noticed that, the sample behaves the same
behaviour of the above sample but it is distinguished with drastic drop in the
resistivity in the form of a very sharp and single transition and ultimately
the resistivity becomes zero at T o

c ≈88 K. This behaviour is ascribed to swal-
low of the metastable phases within the stable superconducting phase, i.e.
the sample contains nearly only 2212 phase. However, these results are con-
firmed by X-ray analysis. Whereas, for higher Cd contents (x = 0.55), T o

c
slightly decreased (∼84 K). This decrease is due to the addition of Cd acts
as a non-bonded solute and causes weakening the correlation between the
Cu–O layers separated by Cd, thus leading to the depression of T o

c .19 Also,
this decrease of T o

c may be related to intergrowth of nonsuperconducting
phases. Thereby this intergrowth reduces the superconducting path through
grains.1 On the other hand, it can be observed an interesting results, the
room temperature resistivity of the Cd-doped samples decreased to mini-
mum value with increasing the doping of Cd from x =0.0 to 0.35, thereafter
it increased again. This behaviour can be attributed to the reduction in resis-
tivity with increasing Cd content up to 0.35 is believed to be partly due to
cleaner grain boundaries in the superconducting matrices.20 For Cd�0.55,
the resistivity is increased, this enhancement of resistivity can be resulted
whether from an interruption of intergrain contact. Therefore, the contact
between superconducting phases weakens.

From the above results, it can be decided that the sample of x =
0.35 represents the optimum composition for obtaining nearly only 2212-
phase in Bi1.82Pb0.36Sr2Ca2CdxCu3Oy system. From (ρ–T ) curve of the
Cd-sample (x =0.35) in Fig. 3, one can be noticed that departure from the
normal behaviour of resistivity around 102 K originates from thermal fluc-
tuations of superconducting order parameter as a result of which an excess
conductivity appears. Aslamazov and Larkin (AL) 21 studied this phenom-
ena and derived an expression for the excess conductivity as

�σ =Aε−λ,

where A is a temperature independent parameter, ε is the reduced
temperature and is expressed as follows:

ε = (T −T mf
c )/T mf

c ,
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T mf
c being the mean-field critical temperature is given by the peak of

(dρ/dT versus T ) as shown in Fig. 4. The dimensional exponent, λ, is
found from the slope of the Ln(�σ ) versus Ln(ε) as shown in Fig. 5. λ

is –1.0 for 2D system is designated λ2D and −0.5 for 3D system is desig-
nated as λ3D. The excess conductivity (�σ ) is evaluated from the resistiv-
ity curve in Fig. 3 using standard definition:

�σ =σm −σn =1/ρm −1/ρn,

where ρm and ρn are the measured and normal resistivity of the sample
respectively. The normal resistivity can be obtained by the extrapolation of
the linear part of the ρ(T ) curve.

Figure 4 verifies the relation between dρ/dT and T , this relation gives
one single peak at 98 K. This peak represents T mf

c . For the composition
Bi1.82Pb0.36Sr2Ca2Cd0.35Cu3Oy , the AL model was applied in Fig. 4.

Figure 5 shows the linear parts of the double logarithmic relations
between �σ and the reduced temperature (ε). Each of these plots seemed
consistiting of two linear parts with two slopes, these slopes denote cor-
responding values for the critical exponent λ1, λ2. Above Ln ε=−0.9, λ1 =
−1.1 which is close to the 2D value but very close to T o

c the slope changes
to λ2 =−0.5, which corresponds to the 3-dimensional value. This suggests
that in the Bi-(2212) system a crossover from 2D to 3D occurs at delimit-
ing temperature, this delimiting temperature is designated as the crossover
temperature T0 ≈137.8 K. Lawrence and Doniach22 derived the excess con-
ductivity due to thermodynamic fluctuations for a layered superconductor
and the expression is

�σ = (e2/16–hd)ε−1/2(ε +4J )−1/2,

Fig. 4. Variation dρ/dT versus temperature of Bi1.82Pb0.36Sr2Ca2Cd0.35Cu3Oy .
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Fig. 5. The plot of Ln�σ versus Lnξ for Bi1.82Pb0.36Sr2Ca2Cd0.35Cu3Oy.

where ε = (T − T mf
c )/T mf

c is the reduced temperature, J = [ξ(o)/d]2 is
the inter layer coupling between superconducting layers. ξ(o) represents
the zero temperature coherence length and “d” is interlayer separa-
tion. The above expression suggests that there is a crossover from 2D
to 3D behaviour as T mf

c is approached. The crossover temperature T0 is
defined as22

εo = (T0 −T mf
c )/T mf

c =4J.

In our system T0 =137.8 K and T mf
c =98 K which gives the interlayer

coupling J as 10.1×10−2 comparing this value with that of Bi-2212 (5.5×
10−3)23 one finds that the interlayer coupling of Cd-sample (x = 0.35) is
much harder than that for 2212 system.

3.4. SEM Observations

Figure 6(a–c) illustrates the surface morphology of compacts contain-
ing different contents of Cd in the system Bi1.82Pb0.36Sr2Ca2CdxCu3Oy(0.0�
x �0.55). As it is seen in Fig. 6(a), the free of Cd-sample shows the forma-
tion of light matrix which at first glimpse seems to be less regularly oriented.
Šima et al.24 reported that this matrix consists of both high and low super-
conducting phases. Another small white (bright) grains were also existed
in close proximity to the light matrix. The colour of these grains is bright
yellow or blue under polarized light.25 This phase is similar in colour to
the bronze phase, which was often observed in the undoped Bi–Sr–Ca–Cu–
O system (thus, it is also known as the “bronze phase”.25 Intercalation of
0.35 Cd resulted in Fig. 6(b), quite different microstructure which probably
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Fig. 6. (a) Surface morphology of the powder compacts of the Bi1.82Pb0.36Sr2Ca2Cu3Oy.
Surface morphology of the powder compacts of the Bi1.82Pb0.36Sr2Ca2Cd0.35Cu3Oy. Surface
morphology of the powder compacts of the Bi1.82Pb0.36Sr2Ca2Cd0.55Cu3Oy. (a–c) Surface
morphology of the powder compacts of the Bi1.82Pb0.36Sr2Ca2CdxCu3Oy, (a) Cd (x=0.0), (b)
Cd (x=0.35), (c) Cd (x=0.55).



Superconducting Fluctuations and Mechanical Properties 41

depended on the compositional shift could be observed. Lamella (flake)
shape grains become more abundant to appear with relatively large size.
These flake grains are considered to be responsible for the low-Tc.26 Also,
these grains seem good link between them, well grain orientation and more
homogeneous phase distribution in the matrix structure. This supports the
contention that the addition of Cd up to 0.35 has the role of improvement
of the surface morphology. Elevating the level of Cd to be 0.55 as shown in
Fig. 6(c). As it is seen that the number and size of the flake grains slightly
decreased with granular precipitations on mother grains, the link between
the grains became weaker. Only small black lumps are dispersed in random
way in the matrix. The black lumps probable to be corresponding to non-
superconducting phases.27

3.5. Microhardness and Porosity Measurements

Figure 7 shows variations of microhardness (VHN) with addition of
Cd in the system of Bi1.82Pb0.36Sr2Ca2CdxCu3Oy(0.0 � x � 0.55) at three
considered loads (0.25, 0.49 and 0.98 N). It can be observed that at all
the applied loads, an appreciable increase in VHN with enriching with
Cd and it possessed maximum value at Cd ratio = 0.35. In contrast, val-
ues of VHN decreased slightly with more enriching with Cd to 0.55. This
behaviour is probably due to the intercalation of cadmium between super-
conducting grains in compositions may provide a plastic-flow region that
allows relaxation of undesirable stresses resulting from the grain anisot-

Fig. 7. The variation of microhardness with cadmium additions for Bi1.82Pb0.36Sr2Ca2Cdx

Cu3Oy .
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Fig. 8. The variation of microhardness with fractional density.

ropy of superconductors. Also, the presence of Cd may induce compressive
stresses in the superconducting matrix due to the thermal expansion mis-
match between superconductors and Cd particles. The compressive stresses
in the superconducting matrix can be squeeze cracktips and impede crack
propagation.

The variation of measured hardness (at 0.49 N load) with fractional
density is shown in Fig. 8. The maximum hardness is 58×107 Pa for Cd-
samples to 80% of theoretical density. The hardness varies approximately
linearly with density. The measured hardness lies in the range reported
by Khalil et al.28 for BSCCO samples. Importantly, the hardness is an
approximate indicator of the sample quality in that reduced porosity in the
samples is clearly highly desirable. The close correlation between hardness
and porosity offers a simple means of interrogating this quality by indirect
means.

The effect of porosity on Young’s modulus (E) is shown in Fig. 9,
E was calculated at (0.49 N load). Fig. 9 seems that Young’s modu-
lus decreased exponentially as porosity increased. This trend could be
explained by the presence of fine microcracks which do not alter the den-
sity significantly but which would have a deleterious effect on the mechan-
ical parameters generally.

4. Conclusions

Structural formation, electrical property, excess conductivity and
mechanical properties on the Bi1.82Pb0.36Sr2Ca2CdxCu3Oy(0.0 � x � 0.55)

have been studied. The following characteristics can be drawn based on the
present experiments:
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Fig. 9. The variation of Young’s modulus with fraction porosity.

1 The XRPD pattern reveals that the 2223 phase and 2234 phase
disappeared and the 2212 phase becomes dominant in Cd-doped
sample of x =0.35.

2 DTA results show a decrease in melting point of the samples with
increase in Cd content.

3 ρ − T characteristic indicates that an appropriate Cd addition of
x =0.35 makes the best superconducting properties.

4 A distinct 2D–3D crossover is observed in Cd-sample of x = 0.35
near T o

c from the excess conductivity analysis.
5 Interlayer coupling constant J is ∼ 10.1 × 10−2 which greater than

the value (5.5 × 10−3) obtained for the 2212 system. This implies
that the Cd-sample (x =0.35) is more 2D in nature compared to the
2212 system.

6 SEM observations seem that the intercalation of Cd on the Bi-
system has the role of improvement of the surface morphology in
a way depends on its level in the compositions.

7 At Cd (x = 0.35) squeeze cracktips and impede crack propagation
and hence resulting the best mechanical properties.
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