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The synthesis conditions and oxygen stoichiometry were determined using a thermogravimetric
analyser. The kinetics of oxygenation at different temperatures and at different atmospheres were
studied. The oxygenation kinetics were found to be sensitive to porosity of the material. The
appropriate oxygenation temperature was found to be 400 °C. For oxygenation temperatures
below 400 °C, the oxygenation occurs by a nucleation and growth process, whereas for higher

temperatures it is diffusion limited.

1. Introduction

Discovery of 40 K superconductors by Bednorz and
Miiller [1] and 90K superconductors by Wu et al. [2]
triggered enormous amounts of research work, owing
to their important electrical and magnetic properties.
However, it was soon established that these prop-
erties sensitively depend on cationic/anionic non-
stoichiometry and the presence of secondary phases
that form during preparation. In the case of
YBa,;Cu;0,_, compounds, the critical current den-
sity, J., is drastically affected by the presence of
low-melting BaCuQ, compound along the grain
boundaries. The structure [3], the electrical and
superconducting properties [4] were found to depend
not only on the oxygen stoichiometry but also on the
ordering of the oxygen atoms in the basal plane.
Hence determination and control of oxygen stoi-
chiometry is of prime importance for the formation of
high-quality superconductors.

Usually oxygen stoichiometry was determined by
wet chemical methods [5, 6, 7] or from the weight loss
of the sample in the presence of a hydrogen atmo-
sphere at an elevated temperature [4]. Apart from the
fact that the former technique requires typically 80 mg
sample and it cannot be applied for oxygen
stoichiometry less than 6.5, both techniques are de-
structive.

Using thermogravimetric analysis (TGA), Langer
and Dichiara have studied the stability of
YBa,Cu;0,_, under different atmospheric condi-
tions [8]. From their isothermal studies it is seen that
500°C isothermal annealing leads to higher oxygen
stoichiometry compared to that at 400 °C. From neu-
tron studies, Jantsch et al. [9] estimated the occupa-
tion number for O(1) and O(5) atoms and the thermal
parameters of O(1) as a function of temperature. It
was found that the occupation number of the O(1)
atom begins to fall rapidly at 500 °C with a corres-
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ponding increase in the value of the O(5) atom. In
addition, the thermal parameter of the O(1) atom
anomalously increases in ‘this temperature range.
These results indicate that diffusion of the oxygen
atom starts around 500 °C.

Oxygenation kinetics in dense YBa,Cu;0,_, com-
pound was investigated by O’Byran and Gallagher
[10]. From their TGA studies it was seen that for an
isothermal annealing temperature of 600 °C or less,
the weight of the sample continued to increase even
after 7 h annealing. Hence they concluded that in these
temperature ranges, oxygenation was not complete
and also the kinetics was slower. At higher oxygena-
tion temperatures they found that the parabolic law
holds good up to 60% of the reaction after which the
reaction becomes slower due to a topochemical mech-
anism. From the microscopic studies they found evid-
ence for enhancement of oxygenation due to
micro/macro cracks.

Alford et al. studied the effect of porosity on J [11].
They found that for 10% porosity, J. sharply in-
creased by an order of 10 and decreased on further
increasing the porosity. They attributed this to the
sample becoming impermeable to oxygen due to the
high density of the sample, leading to lower oxygen
stoichiometry.

However, the effect of porosity/cracks and oxygen
partial pressure on the kinetics of oxygenation in these
compounds remains unclear. With this in mind, TGA
studies of the oxygenation of porous YBa,Cu;Og
were carried out under two different oxygen partial
pressures.

2. Experimental procedure

For the isothermal studies, sintered samples were pre-
pared as follows. Stoichiometric amounts of Y,O;,
BaCOj; and CuO were mixed in an agate mortar for
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3 h for better homogenization. This mixture was cal-
cined at 900°C for 12 h. The calcined powder was
hand ground for 3 h in an agate mortar and pressed
into small discs under a pressure of 6 ton. The pellets
were sintered at 950 °C for 3 days with three intermit-
tent grindings. Samples with an oxygen stoichiometry
of 6.1 were prepared by vacuum annealing (better than
6 x 109 torr) at 700°C for 8 h.

Thermogravimetric studies were carried out using
a Perkin—FElmer TGA7 with a sensitivity of 0.1 pg.
The atmosphere was switched from one gas to another
using a gas selection accessory. A Perkin—Flmer high-
temperature differential thermal analyser DTA4, was
used to estimate the melting points of the compounds.
Structural studies were investigated using a high-re-
solution Guinier powder X-ray diffractometer. The
diffractometer was fitted with a primary Quartz
monochromator to select either K, or K .

3. Results and discussion

3.1. Synthesis studies

Approximately 15mg mixture of stoichiometric
Y,0;, BaCO3, and CuO was loaded into TGA and
subjected to the following heat treatment under oxy-
gen atmosphere: 50-950 °C at 10°C min ™!, soaked at
950 °C for 60 min, and cooled to 50°C at a cooling
rate of 10°C min~!. The resulting thermogram is
shown in Fig. 1. The mixture starts to rapidly lose
weight from 750 °C onwards and at 950 °C the weight
loss was 6.23%. After 60 min soaking, the total weight
loss was 11.73%. Because BaCO; decomposes at
1450°C [12], we attribute the observed weight loss of
11.73% at 950°C to the formation of YBa,Cu3Og 5
with simultaneous evolution of CO,

1/2Y203 + 2BaCO3 + 3CuO

On cooling from 950 °C to 50°C, the weight pick-up
was 1.28%. This increase in weight is due to oxygena-
tion of YBa,Cu;O4 s to YBa,Cu;05. In this sample,
single-phase formation was confirmed using X-ray
diffraction studies (Fig. 2).

Hence in all the preparation procedures, 950 °C was
chosen as the sintering temperature. Fig. 3 shows the
differential thermal analysis of the compound pre-
pared in this way and the melting point was estimated
to be 1015°C, which agrees quite well with the re-
ported value [13]. This shows that the sample is
devoid of any impurity phases, such as BaCuQ,, CuO,
etc., which would otherwise show a low-temperature
melting peak of BaCuQ, at 940 °C or a lowering of the
melting point of the superconducting compound due
to the presence of CuO [13].

3.2. Oxygen stoichiometry determination
The usual wet chemical methods and weight loss of
the study under a hydrogen atmosphere, suffer from
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Figure I TGA thermogram of a stoichiometric mixture of Y,O5,
BaCOj; and CuO under an oxygen atmosphere. (——-). The temper-
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Figure 2 Powder XRD pattern of YBa,Cu,;0,.
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TABLE I Oxygen stoichiometry of YBa,Cu,O,__ from thermogravimetric analysis and X-ray diffraction studies

Sample TGA XRD
Weight loss 7—x a (nm) b (nm) ¢ (nm) 7—-x
(%)
350°C
O, annealed 2.362 6.96 0.3827 0.3890 1.1683 6.908
450 °C vacuum annealed 1.735 6.70 0.3825 0.3875 1.1710 6.760
700 °C vacuum annealed 0.442 6.18 0.3857 0.3857 1.1825 6.165
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Figure 3 DTA thermogram of pure YBa,Cu;O,_, compound
under an oxygen atmosphere.
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Figure 4 TGA thermogram of (a) 350°C oxygen-annealed,
(b) 450°C vacuum-annealed and (c) 700°C vacuum-annealed
YBa,Cu;0,_, compound.

the fact that both methods are destructive. We ad-
opted another method so that the sample can be
reused after determination of oxygen stoichiometry.
YBa,Cu;0, (Sample A) was prepared by the usual
sintering methods, followed by 350 °C annealing for
12 h in an oxygen atmosphere and furnace cooled to
room temperature. Samples with different oxygen
stoichiometry were prepared by vacuum annealing at
450 °C (Sample B) and 700 °C (Sample C). The weight-
loss studies were carried out from 50-950 °C at a heat-
ing rate of 10°C min~! under a nitrogen atmosphere.
The resulting thermograms of the samples are shown
in Fig. 4. While the 400°C oxygen-annealed sample
starts losing weight from 400 °C onwards, for vacuum-

Figure 5 Powder XRD pattern of (a) 350°C oxygen-annealed,
(b) 450°C vacuum-annealed and (c) 700°C vacuum-annealed
YBa,Cu;0,_, compound.

annealed samples, B and C, loss in weight is from 550
and 750 °C onwards, respectively. The weight loss of
Samples A, B, and C at 950°C was 2.362%, 1.735%
and 0.442%, respectively. The oxygen stoichiometry
of the starting materials was estimated using the fol-
lowing equation:

_ MeL
100 Mo

where Mg and M are the molecular weights of
YBa,Cu;0¢ and the atomic weight of oxygen, respect-
ively, and L is the total percentage weight loss at
950°C.

The X-ray diffraction patterns of Samples A, B, and
C recorded in the 26 interval from 44°—50° are shown
in Fig. 5. The lattice parameters were evaluated using
a least-squares fitting technique and are tabulated in
Table 1. As the c-axis sensitively depends on oxygen
stoichiometry, the latter can be estimated from the
equation

(2)

x = 1

7 - x = — 5205C + 67.724 (3)

The oxygen stoichiometry of Samples A, B and C us-
ing both lattice parameter and weight loss are com-
pared in Table 1. The results are in good agreement
within the experimental resolution.

3.3. Kinetics of oxygenation

Vacuum-annealed samples with oxygen stoichiometry
6.1 were isothermal annealed in an oxygen atmo-
sphere at 350, 400, 450 and 500°C. Samples were
brought to the isothermal temperature in 3 min using
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different heating rates. A nitrogen atmosphere was
maintained during the initial ramping to the required
isothermal temperature after which the atmosphere
was switched over to oxygen with the gas flow rate of
50 cm® min . In all the measurements approximately
2 mm x 2 mm (~ 15 mg) pellets were used to avoid any
artefact in the measurements.

Fig. 6 shows the isotherms of the YBa,Cu;0q ,
sample at different temperatures. The hump seen in
first 3 min of these thermograms is due to the rapid
heating rate (150 °C min~*) employed during the in-
itial period. It is evident from these thermograms that
the 400 °C annealing leads to maximum weight pick-
up indicating that 400 °C is a better oxygenation tem-
perature, although the kinetics of oxygenation suc-
cessively -increases with higher isothermal temper-
atures. The weight pick-up of 2.16% at 400 °C corres-
ponds to the formation of orthorhombic YBa,Cu;0,.
The X-ray diffraction pattern of the 400°C oxygen-
ated sample is similar to that shown in Fig. 2.

In general, the kinetics of oxygenation is much
faster and also the weight saturates at much smaller
annealing time compared to that given by O’Bryan
and Gallagher [10]. Because we had sintered our
samples at a lower temperature, 950 °C, this might
have resulted in a porous material which is highly
interconnected, as noted in [10]. These highly inter-
connected porous spaces form channels which are
completely filled with oxygen. In this way the samples
are “soaked” in the oxygen atmosphere. Interconnec-
ted porosity also offers a larger surface area for the
oxygenation reaction. This is in contrast to the dense
samples of O’Bryan and Gallagher, in which oxygena-
tion can take place only across the external surface
area and through the micro/macro cracks offering
much smaller reaction area compared to the porous
.materials. Thus we can expect faster kinetics in the
porous samples compared to dense samples. These
results also support the findings of Alford et al. [11].
Also, the oxygen stoichiometry of the starting material
was 6.1. The low oxygen stoichiometry acts as an
additional driving force and, in general, the kinetics
will be faster in this compound compared to that in
samples with initial higher oxygen stoichiometry. The
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Figure 6 TGA thermogram of YBa,Cu;0¢ ; compound at differ-
ent oxygenation temperatures: (——) 350, (—-—) 400, (- - -) 450 and

(==-) 500 °C for 120 min under an oxygen atmosphere.
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above two factors (interconnected porosity and low
initial oxygen stoichiometry) led to faster kinetics as
well as faster equilibration of the oxygen
stoichiometry.

The thermograms could neither be fitted with the
parabolic law corresponding to a diffusional mechan-
ism nor with a power law equation corresponding to
a nucleation and growth process. In all the thermo-
grams, the fraction of reaction product, a, increases
linearly with time, even up to a larger value of a. Fig. 7
shows a representative o versus t curve for the 500°C
isothermal annealing. The slopes of the corresponding
thermograms increase with higher isothermal temper-
ature, indicating faster kinetics.

In searching for a clue for the mechanism of oxygen-
ation, approximately 15 mg finely powdered sample
was oxygenated at 450°C as in the heating schedule
stated above. In Fig. 8 the corresponding thermogram
is compared with that of the pellet. Interestingly, the
following points were evident from this experiment.

(i) Oxygen stoichiometry is slightly smaller for the
powdered sample compared to that of the pellet.

0.8~ Lo

¢ (min)

Figure 7 a—t plot for the 500 °C oxygenated sample. (———) A guide
for the eye.
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Figure 8 TGA thermogram of YBa,Cu;04 , oxygenated at 400 °C
for ( } small pellets and (-—-) fine powder.




(ii) Importantly, for the powdered sample the kin-
etics is slower right from smaller values of a.
The second point excludes a topochemical mechanism
for retardation of kinetics, because its effect is felt only
for large values of a, typically greater than 0.7. If
the oxygenation is by a diffusion process one would
expect faster kinetics and also higher oxygen
stoichiometry in the powder sample than in the pellet.
On the other hand, if the mechanism of oxygenation is
by nucleation and growth, then the reaction wave-
front should be able to move freely across the sample.
This is quite possible in the case of the sintered pellet. In
the case of the powdered sample, with smaller particle
size, the wavefront is largely impeded in its movement
so that the kinetics becomes slower. Hence slow kin-
etics in the powdered sample is a clear indication of
a nucleation and growth mechanism, at least at this
oxygenation temperature.

In order to investigate the effect of oxygen partial
pressure on the kinetics of oxygenation, we carried out
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Figure 9 TGA thermogram of YBa,Cu;0y4, ; compound at different
oxygenation temperatures: (——) 350 (- - -) 400 and (~—-) 450°C
for 120 min under a 50% N, and 50% O, atmosphere.
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Figure 10 a—t'? plot for the 350°C oxygenated sample under
a 50% N, and 50% O, atmosphere.
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Figure 11 Plot of Ina versus In¢ for the 350 °C oxygenated sample
under a 50% N, and 50% O, atmosphere.
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Figure 12 a~tY? plot for the 400°C oxygenated sample under
a 50% N, and 50% O, atmosphere.

similar isothermal studies with 50% nitrogen and
50% oxygen. The corresponding thermograms are
shown in Fig. 9. Weight pick-up under this atmo-
spheric condition is always less than that of 100%
oxygen atmosphere.

The thermogram for 350°C isothermal annealing
could not be fitted with the parabolic law, as is evident
from Fig. 10. However, the 350 °C thermogram could
be fitted with a power law equation (Fig. 11) up to
(do/dt)max- This clearly demonstrates that the oxygen-
ation mechanism at this temperature is by nucleation
and growth. However, for higher isothermal temper-
atures, 400 and 450 °C, thermograms could only be
fitted with a parabolic law up to o = 0.75 (Figs 12 and
13). Applicability of the diffusional mechanism up to
large values of o, compared with O’Bryan and
Gallagher, is due to the larger surface area of the
porous material, so that topochemical manifestation
sets in during the later part of the reaction.
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Figure 13 a~t'? plot for the 450°C oxygenated sample under
a 50% N, and 50% O, atmosphere.

4. Conclusions

1. For a better oxygenation process, the sample
must be relatively porous so that kinetics can be faster
and results in high oxygen stoichiometry.

2. A 400°C oxygen anneal is better for achieving
high oxygen stoichiometry.

3. The kinetics of oxygenation is sensitive to oxy-
gen partial pressure in addition to the oxygenation
temperature.

4. Under a 50% nitrogen and 50% oxygen atmo-
sphere, the oxygenation at 350°C is by a nucleation
and growth process and at still higher temperature it is
diffusion limited.
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