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The high-temperature thermal expansion of
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The thermal expansion of superconducting Bi; ¢Pbg 4Sr2Ca;Cuz0, (BiPbSrCaCuQ) and its
oxide components BiO3, PbO, CaO and CuO have been studied by high-temperature
dilatometric measurements (30-800 °C). The thermal expansion coéfficient for the
BiPbSrCaCuO superconductor in the range 150-830°C is a=6.4 x 10" K™, The temperature
dependences of AL/L of pressed Bi,0O; reveals sharp changes of length on heating
(T;=712°C), and on cooling (T,=637°C and T;=577 °C), caused by the phase transition
monoclinic—cubic (T;) and by reverse transitions via a metastable phase (T, and T). By
thermal expansion measurements of melted Bi,0; it is shown that hysteresis in the forward
and the reverse phase transitions may be partly caused by grain boundary effect in pressed
Bi,Os. The thermal expansion of red PbO reveals a sharp decrease in AL/L on heating
(T;=490°C), related with the phase transition of tetragonal (red, 4=0.3962 nm,

¢=0.5025 nm)-orthorhombic (yellow, a=0.5489 nm, b=0.4756 nm, ¢=0.5895 nm). The
possible causes of irreversibility of the phase transition in PbO are discussed. In the range
50-740°C the coefficient of thermal expansion of pressed Bi,0; (a,,=3.6 x 10" ¢ and
o,=16.6 x 10"° K" for monoclinic and cubic Bi,O; respectively), the melted Bi,O;
(0m=7.6x10"%and a,=11.5x10"°K™"), PbO (2,=9.4x107° and o, =3.3x 108K~ for
tetragonal and orthorhombic PbO respectively), CaO (¢=6.1x10"°K~") and CuO

(a=4.3x107°K™") are presented.

1. Introduction

High-temperature heat treatments of BiPbSrCaCuO
samples (with heating and cooling in the temperature
range 30-850°C) are necessary and important stages
in the fabrication of superconducting ceramics. Dur-
ing sintering, processes such as reaction diffusion, the
formation of new phases, the precipitation of these
phases and phase transitions may accompany the
BiPbSrCaCuO growth. In this connection, temper-
ature changes in the crystal structure and properties of
the oxide components (Bi,O;, PbO, SrCO,, CaO,
CuO) used in the formation of the BiPbSrCaCuO,
represents a special interest. Owing to differences
in the thermal expansion coefficients of the Bi-
PbSrCaCuO and its oxide components and because of
possible phase transformations in the oxide compo-
nents, deformation, dislocation and other defects may
arise in growing superconductors. These distortions,
in turn, can essentially influence the form and volume
of sintering tablets of the superconductor. The swell-
ing phenomenon of Ag-sheathed Bi-2223 tapes during
the first sintering stage is observed in the work of Lu
et al. [1]. It is found that the swelling of the tablets is
related to the formation of SrCaCuO with a conse-
quent volume increase. To avoid a similar phenomena
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during the sintering of superconductors, it is necessary
to have at one’s disposal data on the thermal expan-
sion coefficients of BiPbSrCaCuO and its oxide com-
ponents in a wide temperature range.

At the present time only a few thermal expan-
sion studies of the BiPbSrCaCuO system at low
(—263-27°C) [2,3] and moderate temperatures
(30-500°C) [4,5] are published. Anomalies in the
thermal expansion at 30-830°C in Ag-diffusion doped
BiPbSrCaCuO superconductors have been investi-
gated by Altunbas et al. [6]. No work is reported in
the literature on the values of the thermal expansion
coefficients of undoped BiPbSrCaCuO and its oxide
components at high temperatures.

In the present work, the results of thermal expan-
sion studies in the range of 30-800°C on supercon-
ducting BiPbSrCaCuO ceramics and its components
(Bi,03, PbO, CaO, CuO) are presented. The phase
transitions in Bi, O3 and PbO during the high-temper-
ature heat treatments are also investigated.

2. Experimental procedure
The samples of Bi; ¢Pbg 4Sr,Ca,CuzO, (BiPbSrCa-
CuO) were prepared using a conventional solid-state

2207



reaction method [7]. The majority of the lines in the
X-ray diffraction measurements on the BiPbSrCaCuQ
ceramics corresponded to the high-T, 2223 phase with
a zero-resistivity at T, = 110 K [8].

Samples of the oxide components were prepared by
pressing (at 300 MPa) Bi,O; (99.9% purity), PbO
(99.9%), CaO (99.95%) and CuO (99.99%) powders in
tablets of 13 mm in diameter and 3 mm in thickness.
The pressed tablets were annealed in air at temper-
atures between 450-800 °C for 19-24 h. For Bi,03, in
addition to the pressed sample, we used samples pre-
pared by melting the pressed Bi,O; at a temperature
T > 830°C followed by a fast cooling at a rate of
about 800°Cmin ™",

For the high-temperature thermal expansion meas-
urements we used an inductive Linseis-dilatometer
with a sensitivity AL/L = 107> [6]. Samples for
measurement were prepared in the form of a rectangu-
lar bar of size 10 x 3 x 3 mm?®. The thermal expansion
of the samples were measured from 30-800°C in air.
In these thermal expansion measurements, samples
were given a three-step heat treatment: heating from
the room temperature to high temperature 700-
800 °C, annealing at the high permanent temperature
(T,) for 1-5h and then cooling from T, to room
temperature. The rates of heating and cooling of the
samples are 2°Cmin "%, 5°Cmin~' and 10°Cmin "
A few of the thermal expansion experiments were
carried out in an argon atmosphere. X-ray diffrac-
tion measurements were performed using a Rikagu
D/Max-II1 C diffractometer with CuK, radiation.

3. Results and discussion

We first consider the results of thermal expansion
measurements on the oxide components of the super-
conductor.

3.1 Bismuth sesquioxide, Bi,O;
Samples for the thermal expansion measurements
were prepared by two methods: (a) by pressing Bi,O;

powder into tablets and annealing at 780 °C for 24 h
and (b) by melting the pressed sample.

Fig. 1 shows the change of the relative length AL/L
as a function of temperature for heating with a rate of
5°Cmin~" of the pressed Bi,Oj. It is seen that AL/L
at a temperature T; = 712 °C is sharply increased. It
will be noted that the subsequent repeated measure-
ments of the thermal expansion on heating of this
sample and other pressed samples of Bi,O, revealed
a jump in AL/L at the same temperature
T, =712+ 3°C. '

Data of the AL/L change with temperature during
cooling of the pressed Bi,O; are also presented in
Fig. 1. Two peculiarities in the AL/L curve at
T, = 638°C and T3 = 555 °C related with the begin-
ning of a sharp decrease in the sample length, are
observed. Temperature T, in the subsequent repeated
measurements on this sample and also on other
pressed samples of Bi,O; does not change much
(T, = 637 + 5°C). Whereas the temperature T'; is es-
sentially changed varying in the range 644-555°C.

It is to be noted that the length of the pressed Bi, O;
after the thermal expansion measurements (heat-
ing-cooling), when the sharp changes of Ty, T, and
T are observed, is decreased. After the thermal ex-
pansion measurements at temperatures T < 712°C,
when the anomalies in AL/L are not revealed then the
sample length is relatively constant. The average
values of the critical temperatures (the beginning of
the AL/L jump) and of the thermal expansion of the
pressed Bi,Oj; (three samples, six measurements each)
are presented in Table 1.

The observed jumps on the AL/L versus temper-
ature curve of the pressed Bi,O; may be caused by the
phase transitions monoclinic—cubic (T; = 712°C) on
heating and on cooling by the reverse phase transition
through the cubic-metastable tétragonal (T, = 637°C)
and metastable tetragonal-monoclinic (T3 = 577 °C)
as is listed in Table 1 [9, 10]. The results of our studies
of the phase transitions in the pressed Bi,O5 by ther-
mal expansion measurements confirm the data re-
ported earlier on DTA measurements on Bi,O; [9].
The decrease in AL/L on the heating of the sample at
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Curves of AL/L versus temperature of pressed Bi,Oj; for (1) heating and (2) cooling.



TABLE 1. The thermal expansion data of Bi; ¢Pb, 4Sr,Ca,CuzO, and its components (Bi,O;, PbO, CaO and CuO)

Sample The crystal a(x 10%  The temperature The phase Temperature of
structure K™Y range (°C) transition phase transition.

heating cooling
0 e

BiPbSrCaCuO Orthorhombic 6.4 150-830

Bi,0; (pressed) Monoclinic 3.6 100-600 Monoclinic—Cubic 712

Bi,0; (pressed) Cubic 16.6 780-637 Cubic-Metastable 637

Bi,0; (pressed) Metastable 20.6 637-577 Metastable-Monoclinic 577

Bi,0; (melted) Monoclinic 7.6 70-600 Monoclinic—Cubic 712

Bi,O; (melted) Cubic 11.5 760-630 Cubic-Monoclinic 630

PbO (red) Tetragounal 9.4 50430 Tetragonal-orthorhombic 490

PbO (yellow) Orthorhombic 33 500-700

CaO Cubic 6.1 420-740

CuO Monoclinic 4.3 70650

temperatures between 580-710°C (before the jump of
AL/L at 712°C) may be caused by the processes of
reconstruction of the crystal lattice before the mono-
clinic—cubic phase transition.

The average values of the thermal expansion coeffi-
cients of the pressed Bi,O; samples are presented in
Table 1. The thermal expansion coefficients of mono-
clinic, cubic and metastable (tetragonal) phases of the
pressed Bi,O; samples are o, =3.6x10"5, o, =
16.6 x 107 and o, = 20.6 x 107° K™ respectively.

Factors such as the rate of heating or cooling, grain
sizes and impurities [9], may affect the hysteresis of
the phase transition in the forward and reverse trans-
formations of Bi,O;. For this purpose, some addi-
tional experiments were carried out in order to reveal
the influence of the rate of heating or cooling on the
critical temperatures T, T, and T5. The thermal ex-
pansion measurements on the pressed Bi,O5 sample
made successively at heating or cooling rates of
10°Cmin~! and 5°Cmin ' did not reveal any
change in the phase transition temperatures Ty and
T,. However the changes in T'; observed in these
experiments are not correlated with the rate of cool-
ing. Several runs of the thermal expansion experi-
ments in an argon atmosphere did not reveal any
change in the critical temperatures.

It was supposed that the reverse two-step transition
(cubic—metastable tetragonal-monoclinic) on the
cooling cycle may be related with grain boundary
effects in polycrystalline Bi,O; samples prepared by
pressing. To check this supposition the thermal expan-
sion of the Bi,0; samples prepared by melting
was measured. The density of the melted sample
(p = 8.5 gcm™?) exceeds the density of the pressed
Bi,O; sample (p = 7.2 gcm ™ %) . The increase of the
density of the melted samples may be caused by the
increase of the grain sizes of the Bi,O; samples.

The temperature dependences of AL/L of the melted
Bi,0; on heating and cooling are presented in Fig. 2.
The AL/L curve of the melted sample on heating
(Fig. 2, curve 1), as in the case of the pressed sample
(Fig. 1, curve 1), reveals the monoclinic—cubic phase
transition at a temperature T; = 712 °C. In the melted
sample on cooling (Fig. 2, curve 2), as distinguished

from the pressed sample (Fig. 1, curve 2), the reverse
cubic—monoclinic phase transition is observed to oc-
cur in one step thus avoiding the metastable phase at
T, = 630°C. Moreover, the length of the melted
sample after the thermal expansion measurements is
decreased but this change is less than that of the
pressed Bi,O; sample. A change of heating (or cool-
ing) rate from 10 °Cmin ~* to 2°Cmin ! did not effect
the phase transitions temperatures T, and T, of the
melted sample.

The average values of the phase transition temper-
atures: monoclinic—cubic on heating (T = 712°C)
and cubic—-monoclinic on cooling (T, = 630°C) and
also the thermal expansion coefficients of the mono-
clinic and cubic phases of the melted Bi, O3 samples
are given Table 1.

Thus the direct cubic—monoclinic transition on
cooling of the melted samples may be attributed to the
increase of grain sizes, that is the decrease of the effect
of the grain boundaries on the reverse phase
transition. The higher values of the thermal expan-
sion coefficients of the melted Bi,O; sample
(o, = 7.6 x 107 ¢ K1) in comparison with that of the
pressed sample (3.6 x 107° K1) may also be an in-
dication of the decrease of the grain boundary role in
the reverse phase transition in the melted sample.

3.2 Lead Oxide, PbO

The samples of red PbO for the thermal expansion
measurements were prepared by pressing the powder
into tablets and annealing at 450°C for 24 h in air.
The colour of the sample after the annealing remained
red. The majority of the X-ray diffraction peaks of the
red lead oxide showed a tetragonal symmetry with
a=0.3962 nm and ¢ =0.5025nm however, a few
peaks were observed that correspond to PbO, and
Pb;0,.

The thermal expansion measurements for PbO were
repeatedly carried out between 30-710°C using
a heating rate of 5°Cmin~'. The red PbO sample
after the first thermal expansion measurement is trans-
formed into yellow PbO and this colour at subsequent
measurements remains relatively constant. The X-ray
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Figure 2 Curves of AL/L versus temperature of melted Bi,O; for (1) heating and (2) cooling.

0.006

0.004

0.002

AL/L

-0.002

—-0.004

1

-0.006 :

0 100 200

300

400 500 600 700 800

Temperature, (°C)

Figure 3 Curves of AL/L versus temperature of heating of PbO at (1): (V): the first and (2): (O): the second cycle.

diffraction peaks observed for the yellow sample, cor-
respond to the orthorhombic symmetry of PbO with
a = 0.5489 nm, b = 0.4756 nm and ¢ = 0.5895 nm.

Curves of AL/L versus temperature on heating the
PbO sample after the first and second runs are given
in Fig. 3. On the first measurement, the AL/L curve on
heating at temperatures T > 490 °C reveals a sharp
decrease in length (Fig. 3, curve 1). On the first cooling
cycle, no peculiarities in the AL/L curve were ob-
served. The second heating cycle of this yellow col-
oured sample did not reveal any sharp change in AL/L
(Fig. 3, curve 2).

The thermal expansion data presented in Fig. 3 may
be explained on the basis of known structural phase
transitions in PbO [10]. The sharp decrease in AL/L
on the first heating cycle at T > 490 °C and the trans-
formation of the red PbO into the yellow colour after
the first complete cycle may be due to the tetra-
gonal-orthorhombic phase transition. The observed
irreversibility of the phase transition in PbO may be
related with the difference in stability of the PbO
polymorphs, as is observed in the cases of TiO, and
CaCO; [9]. We expect the orthorhombic (yellow)
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PbO to be more stable than the tetragonal (red)
sample under a specified condition. In the presence of
vacancies and changes in stoichiometry, formed in the
first heating cycle, the orthorhombic phase of PbO
becomes more stable relative to the tetragonal phase.
The thermal expansion coefficients of the tetragonal
PbO (o, =94x10"°*K™%) and the orthorhombic
PbO (o, = 3.3x 107® K1) are given Table 1.

3.3 Calcium Oxide, CaO

The pressed tablets of CaO are annealed at 800 °C for
19 h in air and then the thermal expansion measure-
ments are carried out. The curve of the relative change
of length as a function of temperature is given in
Fig. 4. The temperature dependence of AL/L in the
range 420-740 °C is approximately linear with a ther-
mal expansion coefficient o0 = 6.1 x 1076 K 1.

3.4 Copper Oxide, CuO
The pressed tablets of CuO are annealed at 750 °C for
24 h. The AL/L curves and the temperature profile of
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(@) T, = 665°C and (b) T, = 714°C

CuO with respect to time are shown in Fig. 5. The
‘measurements when the maximum permanent tem-
peratures are T,y = 665°C and T, = 714°C are des-
ignated case a and b respectively. For case a the form
of the AL/L curve mimics the curve of temperature
change with time. However for case b, when
the sample is heated to a higher temperature of
T,, =714°C, the AL/L curve at temperatures
T > 670 °C does not mimic the temperature profile. In
this case as is seen from Fig. 5b, AL/L decreases on
heating to T > 670 °C and then keeping the sample at
a constant temperature of 714 °C. This anomaly is
increased with the raising of the temperature to
T, = 760 °C. This unusual relative length change with
temperature may be attributed to oxygen redistribu-
tion resulting in composition changes in CuQ. The
thermal expansion coefficient of CuO (a0 =4.3x
107°K™!) for the temperature range 70-650°C
(Fig. 4, curve 3) is given in Table 1.

3.5 BiPbSrCaCuO superconductor
The thermal expansion curve, AL/L, of a supercon-
ducting Bi; ¢Pby 4Sr,Ca,Cu;O, sample in the tem-
perature range 150830 °C is presented in Fig. 4 curve
2. The thermal expansion coefficient of BiPbSrCaCuO
atthe above temperature rangeis o = 6.4 x 10" K1,
Data on the thermal expansion coefficients of the
BiPbSrCaCuO superconductor and its oxide compo-
nents are presented in Table 1. The thermal expansion
of the pressed SrCOj; can not be measured because of
the fast disintegration of the annealed samples in air.
The thermal expansion coefficients of BiPbSrCaCuO
and its oxide components as can be seen from Table 1,
are significantly different (2-3 times). Moreover Bi,O4
and PbO reveal phase transitions with a sharp change
of the sample length. In this connection we suggest
that the differences in the thermal expansion coeffi-
cients of the BiPbSrCaCuO and its oxide components
may be responsible for creating strains and structural
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defects in the superconductors. These factors may be
one of the causes of swelling of the Ag-sheathed Bi-
2223 tapes [1].

4. Conclusions

The thermal expansion of Bi; ¢Pbg 4Sr,Ca,Cu;Oy
superconductor and its oxide components Bi,Oj,
PbO, CaO and CuO are studied by high-temperature
(30-800°C) dilatometer measurements. The thermal
expansion coefficient for the high-T _Bi-2223 super-
conductor is o = 6.4 x 1075 K1,

Anomalies in the length changes versus temperature
in a pressed Bi,O; sample, observed on heating
(Ty =712°C) and on cooling (T, =637°C and
T; = 577°C), are attributed to the forward phase
transition monoclinic—cubic (T';), and the reverse
transitions cubic-metastable tetragonal (T,) and
metastable tetragonal-monoclinic (T'3). It is shown
that the hysteresis in the phase transitions in Bi,O5 on
heating and cooling may be partly caused by grain
boundary effects in the pressed samples.

The thermal expansion curve of PbO versus tem-
perature reveals a sharp change on heating
(T > 490°C) related with the phase transition tetra-
gonal (red)-orthorhombic (yellow) PbO. However
a length change in PbO on cooling was not observed.
The possible cause of the irreversibility of the phase
transition may be attributed to the difference in stabil-
ity of the PbO polymorphs. The anomalies in relative
length changes in CuO on heating at T > 670 °C were
attributed to redistribution oxygen.
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