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Abstract

Differential scanning calorimetry (DSC) has been used to simulate laser fusion of ceramic precursors to prepare BSCCO high temperature
superconducting materials. At fast heating rates, typical of the laser floating zone, the energy required for complete melting of the precursor
increases with the Bito SrCa ratio, in agreement with the critical current results obtained. At low heating rates, solid-state reactions involving
ionic rearrangements take place before incongruent melting. These changes can be divided into three processes and can be quantified fron
calorimetric measurements. Lower heating rates and isothermal experiments allow detailed visualisation of the ionic arrangements taking
place. The results prove that the mechanism of the final phase formation is dependent on the fabrication procedure.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction the reduced infrastructure required for this method, although
other techniques, as coprecipitatif8] or sol-gel[4], are
The Bi-Sr-Ca-Cu-0O (BSCCO) compounds, whose su- also used. The most common precursors for solid-state re-
perconductivity was first reported by Maeda et[al, are action are the BiO3, SrCQG;, CaCQ and CuO, mixed in
one of the two most important families of high tempera- the adequate proportions. This mixture is then subjected to
ture superconductors with technological relevance. They successive stages of thermochemical reaction and grinding,
are highly anisotropic layered ceramics with a structure of to allow good mixing and diffusion.
perovskite crystals, in which the presence of Guianes, The laser floating zone (LFZ) methd8], which con-
usually set as—bplanes, is essential for superconductivity. sists in the laser-induced generation and movement of a
Precisely, the fact that the current mainly flows in the direc- small molten zone along a polycrystalline solid, has proved
tion perpendicular to the-axis makes to require complex to be a fast, controlled and reproducible technique for the
fabrication techniques that introduce a high degree of texturegrowth of highly textured BSCCO ceramics. In effect,
in these granular materials, and their critical current density, the axial thermal gradient generated by the laser induces
Je, is heavily dependent on the processing. The fabrication the appropriate orientation of the grains within the solidified
methods are in continuous development, and nowadaysmaterial. With this method, good-performance thin rods of
BSCCO-based materials are achieved in a wide range ofBi»SrCaCypOs.s (Bi-2212) of up to 20 cm in length and
shapes (thin and thick films, tapes, wires, bars, tubes, etc.).1.5-2 mm in diameter have been obtained using as solid pre-
BSCCO superconductor specimens are mainly fabricatedcursor cylinders made of pressed superconducting powders.
from superconducting powders. These powders are often ob-Obviously, the LFZ-growth parameters, such as the growth
tained by solid-state reactidg], due to the simplicity and  rate, the temperature gradient or the incident laser power, in-
fluence the microstructure of the as-grown sample, as well as
the microstructure and properties of the annealed rods. But
* Corresponding author. Fax:34-976-73-33-18. the characteristics of the superconducting powders (grain
E-mail addressmayoral@carbon.icb.csic.es (M.C. Mayoral). size, present phases, average composition) are also of great
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importance, since the LFZ-process performance will also Table 1

depend on the melting and solidification behaviour of these Atomic composition of precursors an§"? presented for the final annealed
rod for each trial

powders.

Previous studies on the influence of the precursor pow- 1Ma B Sr Ca Bj(Sr+Ca " (Alem?)
der composition in the microstructure of LFZ-textured thin 1 2 2.09 1 0.65 705
rods [6,7] revealed that, under similar processing condi- 2 221 2.09 11 0.69 414
tions, Bi-poor starting mixtures give rise to samples with a 3 2 189 091 071 531
more homogeneous composition of Bi-2212 grains and bet- g ;gi i;i 101 %‘% i;g
ter superconducting properties. In effect, the modifications g 5 19 1 0.69 373
in the melting and solidification processes induced by the 7 1.81 1.98 0.99 0.61 889
differences between precursor powders produce as-grown 8 1.81 1.72 0.87 0.70 283
samples with a more adequate phase composition and ® 164 201 099 055 1515

156 179 087 059 1067

distribution, which yields, after the annealing, a more ho- 10
mogeneous Bi-2212 phase composition. These results have
stimulated further studies on the influence of the powder
composition in the laser melting process.

The use of DTA/TG for the study of BSCCO super- these cylinders were LFZ-textured with similar conditions,
conductors has already been presented by several authordescribed elsewhef&], and the obtained as-grown material
[8-13]. These measurements have been useful for the dewas annealed in air at 83C for 60 h to develop the Bi-2212
tection of secondary phases arising from different process-phase. As mentioned before, the Cu content of all precur-
ing conditions, for the study of the melting point variations sor powders was fixed to 2, while the Bi, Sr and Ca con-
with phase composition, for the determination of anneal- tents ranged between 1.56-2.21, 1.72-2.16 and 0.87-1.10,
ing temperatures or even for detecting the presence of in-respectively. The initial composition of each precursor and
termediate phases during the formation of the final product. the engineering critical current densiti§"®, values of the
However, there are fewer examples in which DTA has been final rods are collected ifable 1.
employed for the characterisation of fast melting processes Differential scanning calorimetry (DSC) was performed
and the relationship of the initial powder composition with using a TA SDT 2960 system, which allows simultane-
the so-obtained as-grown and annealed microstructures anaus registry of weight loss and heat flow changes along
final properties. programmed temperature scans. DSC was calibrated with

In the present work, DTA has been used for the de- sapphire standard and sensitivity in measuring melting en-
tection of different phases and the characterisation of the thalpies is tested with silver and aluminium standards. Sam-
laser melting behaviour of precursor powders fabricated ples of about 15 mg were laid onto the tarred Pt pans and air
by solid-state reaction of adequate oxides and carbonatesvas used as the purge gas at a flow of 90 mimhifwo main
with different average compositions. The studied com- heat treatments were applied to the precursors: a heating
positions have been derived by an unfinished sequentialramp of 50-1150C min~1, to simulate the fast heat input
optimisation process that departed from the stoichiometry at the LFZ set-up, and a heating ramp of 5-9@0nin—1,
(Bi:Sr:Ca:Cu=2:2:1:2) and that was focused on improving for a thorough study of thermal events. Moreover, special
the current transport properties of the final superconductor heat treatments (heating ramp of 0Cmin—?, isothermal
rods. It must be mentioned that, during the optimisation pro- stages) were applied to those samples showing distinctive
cess, the Cu content was fixed to 2, since it is well known behaviours.
that Cu does not play an important role in the Bi-2212 solid  The endothermic fusion can be quantified through the in-
solution[8,14]. However, as it is generally agreed that the tegration of the DSC peaks, which allows obtaining the en-
Sr and Ca can substitute each other to some extent, and thathalpy of fusion in Jg'. The calculation of the enthalpy
Bi can substitute Sr and/or Ca (but not the contrary), the changes has an estimated experimental error of 2% at the
Bi, Sr and Ca contents were varied. studied conditions, although the uncertainty in the determi-

nation of the baseline for integration may add some errors
due to the peak shape.

1.87 1.95 0.92 0.65

2. Experimental

The starting materials consisted of high-purity,®j, 3. Results
CaCQ, SrCG and CuO powders, mixed and ground in the
appropriate molar ratios, and subjected to three successive The inspection of the powders by SEM-EDX showed
12 h calcination cycles at 790, 830 and 845 with inter- that they were complex materials containing Bi-2212 and
mediate grinding to homogenise the material. From these BioSrnCuGs (Bi-2201) as the main phases and other Bi-free
powders, precursor cylinders for the LFZ growth were fabri- oxides as (SiCa;—,)14Cup1042 or CuO in different propor-
cated by isostatic pressing (200 MPa for 2 min). Afterwards, tions. The optimisation design allowed to infer a clear trend:
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high J&"9 values are obtained when Bi was reduced with re- 205

spect to the original proportion, leading to nearly linear de- -

pendence of the measurgd™® with the ratio Bj/(Sr+ Ca) 1807 =

[15]. The first aim of the present calorimetric study of the B 155- " - o
precursor powders was to investigate the thermal behaviour 3 -
of each powder as a function of initial composition, due to 5 1301

the experimental differences observed in the laser floating L]

zone: the Bi-poor precursors required the use of additional 1057 "
laser power in the LFZ growth process to ensure a complete 8 . . .

melting [15]. On the other hand, provided that the electric 05 06 0.7 0.8
performance of the final annealed rod could be related to Bi/(Sr+Ca)

the melting process, it is interesting to study each precur- Fio. 2. Initial Bi i d Bi /(S + G ratio of
. . . . 19. 2. Init I composition an | a) ratlo Of precursors versus
sor in DSC. I_n this way, th_ermal_events_ mvolvmg heat flow total enthalpy change af a heating ramp of 50°Cmin-L,
changes (solid-state reaction, dissolution, melting) are eas-
ily recorded.
species of high melting point for those precursor with a low

3.1. Simulation of laser melting: fast heating ramp Bi content.
DSC quantification of energy involved in the endothermic

While it is impossible to simulate the high thermal gradi- peaksispresentedin Jg~1 in Fig. 2. It is possible to see that
ent generated by the laser in the rods, an attempt was carriednelting enthal pies vary with initial precursor stoichiometry:
out to mimic the precursor behaviour using the fastest heat-the higher the Bi content, the lower the melting enthalpy.
ing rate possible in our device with these materials. In pre- These results indicate that precursors poor in Bi would re-
vious works related to aluminosilicate transformations, the quire higher temperatures to melt in furnace systems, or, as
maximum heating ramp that the system allowed with repro- in this case, the power requirements of laser output would
ducible results was 8@ min~! [16], but for the BSCCO be higher to reach complete melting, as confirmed elsewhere
materials, the heat flow profile showed problems in recov- [15].
ering the baseline. In this way, 3¢ min—1 was chosen for In this case of fast heating ramp, where the endothermic
the fusion experiments to calculate heat flow involved in phenomena are delayed in some degrees, pesk minima val-
fast incongruent melting. As it is shown iRig. 1, three ues resulted more reliable to determine the reaction peak
different profile types are obtained: a single peak with a temperature than the onset or offset temperatures. The rela-
shoulder at the low temperature side, which could indicate tionship of initial composition versus pesk minima.is shown
a low-temperature melting phase (exp5 in the figure as ex-in Fig. 3. There are works in the literature that show a de-
ample, and exp1, 2, 3 and 4); a single peak with a smaller crease in melting point with the addition of Pb and Sn, sup-
contribution of the low temperature shoulder (exp7 in the porting the thesis of the formation of a liquid phase which
figure as example, and exp6, expll); and a negligible pres-accelerates the diffusion of reactants [9]. In the present
ence of it (exp11 in the figure as example, and exp13). Nev- work, just small variationsin Bi content in stoichiometry of
ertheless, the most striking differences appear in the peakBi-2212 phase present similar trends: those precursors rich
offset: the endothermic peak tails indicate the presence ofin Bi showed lower reaction temperatures.
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Fig. 1. Heat flow profiles (in arbitrary units) for exp5, exp7 and exp9 precursors “at Bin~! heating ramp.
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Fig. 3. Peak temperatures versusinitial composition at 50°C min~1 heating
ramp.

The main inference from these results is that a reduction
in Bi/(Sr+ Ca) ratio involves not only changesin peak tem-
perature (ina7 °C range) but also alimitation of liquid phase
formation. The mechanism and extent of this constrainment
cannot be described from DSC profiles obtained at fast heat-
ing ramps, so the thermal history of precursor was deeply
studied at 5°Cmin—1.

3.2. Thermal history of precursors at’& min~1

Slow heating ramps are often preferred for characterisa-
tion and melting point calculations because overlapping of
thermal phenomenais avoided. In Fig. 4, it ispossible to see
how different the thermal profile of precursor exp5 is from
that profile showed in Fig. 1. A heating ramp of 5°C min~!
allows the deconvolution of the fusion phenomenon into
three different endothermic peaks. This behaviour is seen as

First peak
absorbed energy at
863.7°C:-173mJ

Second peak
absorbed energy at
885.18°C:-1423mJ

Heat Flow (a.u.)
4—— endo

Third peak
absorbed energy at
896.36°C:-2404mJ

830 850 870 890 910
T(°C)
Fig. 4. Integral of heat flow and amount of heat for each peak for exp5
a 5°Cmin1.

well for precursors expl, exp2 and exp3. At afirst glance, it
would indicate that there are at least three different species
that melt at different temperatures, provided that the on-
set temperature is a thermodynamic parameter characteris-
tic of each substance. So, for these samples, it could be
inferred that a small part of the mass melts between 865
and 870°C, another fraction melts between 875 and 885°C,
and the greater portion melts between 885 and 895°C. On
the other hand, the first peak does not appear (or is neg-
ligible) in the rest of the samples. In previous works fo-
cused in BipPby_,Sn,SroCapCuzO, superconductors [13],
similar peaks before the main one were described, and as-
signed to the formation of liquid phase or the reaction be-
tween solid-state precursors. In fact, exp9 and expl0, poor
in Bi, present only the high temperature peak. When the fu-
sion phenomena is the sum of overlapped peaks, the analy-
sis software can decompose them into the different amount
of energy absorbed (J) for each single peak. The example of
total amount of heat and the distribution of the integral of
heat for each peak is shown in Fig. 4 for exp5.

In this way, it is possible to calculate both the enthalpy
change for the complete melting at 5°Cmin~! (AHs total,
Jg~1) and the energy distribution (as percentage of the total
energy involved) in the three different phenomena. Results
are shown in Table 2.

Surprisingly, precursor powders rich in Bi present higher
enthalpy values than those with lower Bi/(Sr 4+ Ca) ratios,
which isthe opposite trend to that presented at 50°Cmin—1.
It is worth comparing the trends presented for total en-
thalpy and the amount of energy involved in the main peak
(885-895°C) as a function of initial atomic composition,
Fig. 5. For high enthalpy values, lower proportions of en-
ergy involved in the third peak are found, which indicate
that the second endothermic phenomenon is the responsible
of the AHs trend.

This striking result may have two different causes:

e Hypothesiga): The precursor comprises different chemi-
cal species (which in fact is confirmed by SEM analysis)
with successive melting points, and different enthal pies of
fusion.

o Hypothesigb): There is certain degree of dissolution of
solid species in a liquid phase that behaves as a fluxing

agent.

Hypothesiga). Taking into account that precursor exp9
presents only one fusion peak, the enthalpy of fusion and
onset temperature (melting point) of a possible specie poor
in Bi that melts between 885 and 890°C can be accurately
calculated: Tonset = 889°C, A Hinirg = 103Jg~ L. Provided
that the energy distribution, initial weight and the enthal py
of third peak are known, it is possible to calculate the mass
percentage for each sample that melts in the temperature
range between 885 and 895°C (wt.%nirg). The relationship
of the obtained values and the initial composition is seen
in Fig. 6. Once the mass involved in the third peak has
been calculated, the values of mass involved in the low
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Enthalpy change for the complete melting at 5°Cmin—! (AHs total) and the energy distribution (as percentage of the total energy involved) in the three
different phenomena, as a function of initial composition

Experiment Bi/(Sr + Ca) AHs totd (Jg1) Energy (%) AHgecond (theoretical) (Jg1)
Peak 1 Peak 2 Peak 3
1 0.65 128.8 2.17 26.30 715 1354
2 0.69 120.0 8.99 32.16 58.8 99.4
3 0.71 132.2 2.75 49.24 48 153.1
4 0.67 119.2 - 30.74 69.3 175.2
5 0.76 128.8 7.18 59.23 33.6 141.9
6 0.69 115.0 - 41.73 58.3 151.1
7 0.61 118.1 - 14.66 85.3 212.7
8 0.70 1125 - 27.70 72.3 166.1
9 0.55 103.0 - - 100 -
10 0.59 109.0 - 9.29 90.7 -
11 0.65 128.3 0.91 19.76 79.3 243.1
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Fig. 5. Relationship of total enthalpy change and energy involved in third peak with initial composition for each precursor at a heating ramp of 5°Cmin—1.

temperature peaks are obtained; on the other hand, the
amount of energy (J) in the temperature range of 865—-885°C
is known, so it is possible to calculate the theoretical en-
thalpy change in the second peak (AHsecond, in Table 2,
in Jg~1 involved). In previous works [8], the endothermic
peak before the main one had been considered as the fusion
peak of the Bi-2201 phase. In that case, al the energies
calculated would have the same value or would be at least

100 =
.- .
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z 80 T .I. """""
=
° | |
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05 0.6 0.7 0.8
Bi/(Sr+Ca)

Fig. 6. Relationship between initial composition and the mass percentage
that melts in the third peak.

quite close. Provided that AHgecong Varies with composition,
it can be inferred that the endothermic peak that appears
between 875 and 885°C cannot be assigned to the fusion
peak of a single phase.

Hypothesis(b). It is generally agreed that the enthalpy
change of the reaction supported by the liquid phase is less
than that of the reaction between solid-state reactants [17].
In thisway, the proportion of Bi intheinitial precursor com-
position could govern the formation of final species in the
annealed rod: Bi-rich precursors tend to form compounds
that melt and behave as fluxing agents that dissolve part of
the mass at lower temperatures. On the other hand, those
precursors with decreasing proportions of Bi, tend to form
higher proportions of that specie whose melting point is
889°C, or at least, there is less proportion of that ‘fluxing’
specie. Fig. 7 shows the trend presented for the enthalpy
change in the second peak in Jg~1 of mass involved as a
function of initial composition of precursors. The main in-
formation of this figure is that for those precursors poor in
Bi, the small proportion of massthat reacts between 875 and
885°C (second peak) is mainly involved in solid-state dis-
solution, whereas for Bi-rich precursor, the mobility of reac-
tants is accelerated by the formation of a liquid phase [13].
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Fig. 7. Relationship of enthalpy change in the second peak with initial
composition for each precursor at a heating ramp of 5°Cmin~—1.

In this way, after the results obtained by differential
calorimetry, the production of superconductor materials in
fast heated systems (for instance, laser floating zone) is re-
lated to phase melting and partial dissolution, whereas for
those production methods involving long low temperature
exposures (calcination), solid-state dissolution plays an im-
portant role in final phases formation. These differences in
formation mechanisms could be the responsible of the final
electrical properties.

3.3. lonic rearrangement throughout DSC

Additional mechanistic inferences can be obtained from
DSC of precursor in the low temperature range. The first

M.C. Mayoral et al./ Thermochimica Acta 409 (2004) 157-164

endothermic peak in Fig. 4, between 840 and 860 °C, which
is not very important in terms of energy absorbed nor
mass involved, presents a distinctive profile. Apart from
the flat shaped peak, the line is comprised of small but
well-defined successive peaks which indicate independent
endothermic phenomena. We have not found in the liter-
ature the characterisation of this phenomenon, probably
due to the high definition of our DSC detector (acquisition
time in the software was 0.5s per point). In Fig. 8, it is
possible to see this behaviour for precursors expl, 2, 3,
4, 5, 6 and 7. On the other hand, precursors with low Bi
content do not show this behaviour at low temperatures.
It is commonly believed that ionic rearrangement result-
ing in 2201 lattice formation occurs before the solid-state
dissolution, so these peaks would be their thermodynamic
image. Slower heating ramps and isothermal stages are
used to explore this hypothesis. Figs. 9 and 10 show the
behaviour of selected materials subjected to a heating
rate of 0.1°Cmin~1 or to isothermal steps. Small endother-
mic peaks can be observed in the figures for exp5, as exam-
ple of Bi-rich precursors. Although energy quantification is
not possible, these unique profiles could be the verification
of ionic rearrangements in lattice formation when slowly
heated to 860°C. On the other hand, exp9 in Figs. 9 and
10 presents a distinct peak at higher temperature, indicat-
ing that small variations in initial precursor compositions
involve different lattice rearrangement. These findings are
another confirmation of the great convenience of DSC in
describing phase microstructure in superconductors prepa-
ration and the relationship of composition with the final
properties.

Heat Flow (W/g)
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Fig. 8. DSC heat flow profile between 830 and 875 °C at 5°Cmin~! for several precursors.



M.C. Mayoral et al./ Thermochimica Acta 409 (2004) 157-164 163

- 895
- 885
2 o
S -
= 2
3 2
i [
- 875 &
8 o
£ §
—_ =
I
[
[F865 |
I
- 855
-4.5 T T T T 845
45 145 245 345 445 545
Exo Up Time (m]n) Universal V2.4F TA Instruments
Fig. 9. DSC heat flow profile for exp11 and exp5 at 550 °C at a heating rate of 0.1°Cmin—1.
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Fig. 10. DSC heat flow profile for expll and exp5 at 120min isothermal stages at steps of 10 °C (from 100 to 600°C).

4. Conclusions

Differential thermal analysis is a very useful technique
to simulate laser fusion of ceramic precursors to prepare
BSCCO superconducting materials. One of the main infer-
ences from this study is that, at 50°Cmin~1, the energy
required for complete melting of the precursor increases as
Bi content in the precursor decreases, but, on the contrary,
at ow heating ramps, the incidence of solid-state reactions

involves higher energy requirements for dissolution process
plusincongruent melting for Bi-rich precursors. DSC allows
to determine the role of solid diffusion between 875 and
885°C at slow heating ramps. Moreover, a heating ramp of
0.1°Cmin~! seemsto reveal the evolution of the ionic rear-
rangement between 865 and 875°C as a function of initial
composition. These results are an indication that the differ-
ent fabrication procedures determine the mechanism of final
phase formation.
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