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Abstract

Thermodynamic parameters, such as the activation energy (E,) and the diffusion coefficient (D), of weakly bounded oxy-
gen in Fe-doped YBa,Cu;0g¢,, (YBa,Cus Fe Og, ) system were obtained utilizing the Manometric technique. It is found
that under isothermal conditions, oxygen desorption in YBa,Cu;Og, , (YBCO) occurs following an exponential decay trend
and in two distinct stages. During the first stage, the majority of absorbed oxygen is released, while the second stage exhib-
its a delayed degassing kinetics. E, and D, were determined for both, pressed and powdered, samples of the YBCO and
YBa,Cus Fe O, systems, from experimental kinetic curves, depicting gas release P(7) under isothermal vacuum degassing
conditions. It is demonstrated that doping with Fe prevents oxygen exchange in YBCO, as evidenced by the reduction in the
quantity of released oxygen with increasing iron index (y). The experimental results validate the efficacy of the Manometric

method for analyzing and determining the thermodynamic and kinetic properties of the YBCO superconductor.
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1 Introduction

The YBa,Cu;0q, , (YBCO) system, with 0 <x <1, exhib-
its a plethora of structures and superstructures, primarily
induced by doping with transition metals and variation in
oxygen content [1-4]. In fact, YBCO stands out as a unique
compound in which a small change in oxygen concentra-
tion in the basal plane immediately leads to a big change
in structure and magnetic and electrical properties [5—12].
Consequently, studying the kinetic of oxygen in high criti-
cal temperature superconductor (HTSC) type 123 remains
a pressing concern, captivating the attention of numerous
investigators [13]. Over the years, various methods have
been employed to study the diffusion of oxygen in HTSC
phases [12-21], encompassing dynamic [14] and isothermal
[15] thermogravimetry, electrochemical potentiometry [16],
distribution of the '80/!”0 isotopic label [17-19], determi-
nation of internal friction coefficients [18], in situ meas-
urements of electrical resistance [20], direct observations
of twinning front propagation in single crystals [21, 22],
isotope exchange method with the gas phase [23, 24], and
computer modeling [25].

Despite the significant divergence in results reported by
different researchers, caused by methodological diversity

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10948-024-06796-5&domain=pdf
http://orcid.org/0000-0001-5930-9916

1966

Journal of Superconductivity and Novel Magnetism (2024) 37:1965-1975

and influencing factors on oxygen diffusion, certain patterns
have emerged; the coefficients of self-diffusion and chemi-
cal diffusion are interconnected by a simple relationship:
D om=PD;, where @ is the thermodynamic factor. It is
noted that the chemical diffusion coefficient (D.,,) surpasses
the self-diffusion coefficient (D) by four to five orders of
magnitude. For YBCO polycrystalline samples, D ..., typi-
cally ranges from 107> to10~!! cm%s, while D, falls between
10~ and 10~"3 cm%s. In rare earth-123 systems, the activation
energy for self-diffusion decreases with increasing ionic radius
of the rare earth element. The second-order phase transitions
during oxygen sublattice ordering, or disordering, are expected
to result in abrupt changes in the diffusion coefficients. In the
orthorhombic phase, oxygen diffusion occurs faster than in the
tetragonal phase, despite the latter containing more available
oxygen vacancies.

This study aims to experimentally determine the diffusion
coefficients of oxygen in YBa,Cu;0g,, samples using the
method of isothermal vacuum degassing and to explore the
impact of iron doping on the kinetic parameters of oxygen

in YBa,Cu;_,Fe Og,,.

2 Theoretical Considerations
2.1 Determination of the Kinetic Parameters

The determination of the kinetic parameters and the quantity
of oxygen absorbed by the samples during vacuum degas-
sing was conducted by considering continuous pumping
conditions. The dynamics of the pressure variation of the
released gas in the system can be expressed by the follow-
ing equations:

VdP = Jdt — SPdt (1)
or

dp J

& yAP==

at 1% 2)

where J(¢) is the rate of gas release from the sample; V is
the volume of the measuring cell together with the recording
sensor (Pirani pressure gauge); S is the effective gas pump-
ing speed; A=S5/V is a “pumping constant” which can be
determined by continuously evacuating a portion of the oxy-
gen previously introduced into the system at a pre-defined
pressure value P, and in the absence of the sample. In this
scenario, the pressure in the system during pumping changes
according to an exponential law, expressed as:

P =Py 3)

Furthermore, the constant A can be ascertained from the
slope of the straight line plotted in the “InP-¢’ coordinates.
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A characteristic representation of the gas release curve
from the sample in P vs. f coordinates is depicted in Fig. S1
in the supporting material. In the figure, f=¢, marks the
moment of time counted from the starting of sample heat-
ing (t=0), designated as the starting point for time counting
when analyzing the kinetic curve for the isothermal degassing
interval. The initial segment of the releasing-gas-curve P(f) to
the maximum corresponds to heating the sample to a specific
temperature, while the descending portion of the curve cor-
responds to the isothermal degassing.

As a general rule, the rate of gas released from the sample
(/) undergoes a time-dependent change following an expo-
nential law given by

J=Jye ™ 4)

Here, J, is a constant, and k is the degassing coefficient
characterizing the rate of gas released from the sample and
dependent on the experiment’s temperature. The exponential
time law in Eq. (4) is characteristic and can manifest vari-
ous mechanisms of the limiting stage of the gas evolution
process. Specifically, this occurs in scenarios such as limited
diffusion inside materials (regular mode at sufficiently long
times), first-order surface reaction, and desorption of mol-
ecules adsorbed without dissociation.

From Egs. (2) and (4), and considering the times ¢, and
t, it follows

A 1= _kAr (5)

where Ar=t—1t,. The kinetic parameter k, as inferred from
Eq. (4), can be obtained from the slope of a straight line
constructed in the coordinates:

Assuming that the temperature dependence of k follows the
Arrhenius equation, by obtaining a series of & values related to
different degassing temperatures and plotting the dependence
of In(k) on 1/T (where T is the temperature, in K), the activation
energy of the process (E,) can be determined.

The activation energy of the releasing-gas process can be
determined either graphically or by the least squares method,
from the slope of the curve representing the dependence of
In(k) vs 1/T,i.e.,

E =— (%)R, where R is the gas constant.
T

a
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By integrating Eq. (1) over the degassing period from =0
to =00, in which the oxygen pressure in the system changes
from the background value (P), passing through the maxi-
mum and returning to the background value Py, the following
expression is obtained:

Py o o0
V/ dP=O=/ JdtzS/ Pdt, 6)
Py 0 0

Since the integral /go.ldt = SfSoPdt is the value Q
(expressed in Paxm?) and proportional to the total number of
particles released from the sample during the entire degassing
time, and the integral | So Pdt represents the area under the
P(?) curve (area expressed in Paxs), then Eq. (6) establishes
the proportionality between Q and the area under the curve
P@),ie.,

0=S§ / Pdt @)
0
To convert the value Q into moles (Q"), both sides of Eq. (7)
should be divided by RT, where T is the temperature near the
measuring sensor and R is the gas constant. Then,

s [ a [T

Q/_R—T OPdt—?/OPdt (8)
where a=S/R (mol X K/PaXxs) is a constant determined
experimentally, and it is also similar to the constant A
described above.

Considering that the gas pressure p' in the selected volume
V' is known, the number of moles of the substance Q' can be
expressed as

AV
, PV
= 9
0 RT &)
Therefore,
o'T PV
a= = (10)

~ [OPdt R[Pdt

where T is the temperature near the installation.

To describe the diffusion of oxygen inside the YBa,Cu;0g, .
pellets, a model was developed for the diffusion in a semi-lim-
ited sample with initial concentration C, through the surface
(y=0) into a medium that does not contain a diffusing sub-
stance. Then, maintaining a zero concentration C(0,t)=0 [26]:

Y
0.0 = Coerf —=,
’ 24/Dt (b

where erf stands for “error function.” The quantity of sub-
stance g passing through a unit surface during time ¢ is deter-
mined as the integral of the flow over time, i.e.,

[l 5] - e

12)

When transitioning from the total amount of substance g
released from the sample to a value in the non-stoichiometry
oxygen state (Ax=x—x,), Eq. (12) takes the form:

Ax:xo{vii;}\/ﬁ (13)

where x; is the initial value of the parameter x, determined
from the phase diagram with known values of P, and T; §
and V are the surface area and volume of the sample, respec-
tively, and D is the diffusion coefficient. Squaring Eq. (13),
the values of the oxygen diffusion coefficient can be deter-
mined from the slope of the curve (AX)?=£(1).

2.2 Vacuum Degassing of YBa,Cu;0;

To account the geometric influence, the pressed YBCO sam-
ple underwent pulverization in an agate mortar, after which
the kinetic parameters were estimated. The powders were
placed in an Alundum crucible and located inside a quartz
holder. Under oxygen flow at the required partial pressure,
the YBa,Cu;Oq,, powders were then subjected to heating
to the desired temperature and maintained until the satura-
tion with oxygen was attained. Subsequently, the sample was
moved to the cold zone of the furnace, and the oxygen in
the entire system was evacuated to a background pressure
(10 mmHg = 133.3 pPa) while simultaneously anneal-
ing the system at 800 °C. Upon reaching the background
pressure, the designated degassing temperature was set in
the reactor, which remained constant throughout the whole
degassing process, and under continuous system pumping.

The curve illustrating the changes in oxygen pressure,
denoted as P(f), exhibited the characteristic shape depicted in
Fig. S1. The descending segment in the releasing-gas-curve
corresponds to conditions of isothermal degassing. The analysis
of the experimental P(f) curves revealed that under isothermal
conditions, for at least 90% of releasing of the absorbed oxygen,
the rate for releasing oxygen from the YBa,Cu;Og, , sample can
be described by Eq. (4), where J,, represents the initial rate of
oxygen release at t=0, and k is the desorption constant.

In this scenario, the concentration distribution C(r,?) in
a sample with a shape of a solid sphere with radius b, is
determined by solving the following form [26]:

C-GC 2b o (=1)" . nzr Din’n’
c=C, =1+ P Zn:l - SlnTexp -
4
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where C, is the initial oxygen concentration, C, is the final
equilibrium oxygen concentration, ¢ is the duration time of
isothermal annealing, and D = Do X exp(-E/RT) is the diffu-
sion coefficient of oxygen (in cm?/s).

In the present work C(r,0)=C, and C(b, )= C, =0, then
the oxygen flow j per unit area looks like as follows:

2 o 2 2
- = —% Zmzo exp(—%Dt) cos2m+ )z
(15)

where r is the radius of a spherical particle (in cm), and m is
whole numbers 0,1,2,3...c0.

After a long time (regular approximation), the main con-
tribution to this sum comes from the first term of the expan-
sion (m=0), and the releasing-gas-law (Eq. 15) coincides
with an exponential law (Eq. 4), i.e.,

t
dcC 2CbS 2Dt

Expressing Eq. (16) through the oxygen parameter x, the
following relation is obtained:

Ax = X, {E}ex —nth 17
Ny JP\ " ) an
since S/V=3/b, then the equation becomes:
6x 2Dt 6x
Ax = ”—zoexp<—”b2 ) = ﬂ—;exp(—kt), (18)
where
72D

Consequently, from Eq. (19), it is possible to experimen-
tally determine the oxygen diffusion coefficient D in the
sample from the slope of the curve plotted in the coordinates
In Ax=£).

3 Experimental

3.1 Synthesis of the YBCO Samples

For the experiments, the powder and pressed tablets of
YBa,Cu;04,, and YBa,Cu;Fe Oq,  were synthesized fol-
lowing the same procedure described in reference [27]. In
brief, the synthesis of the samples was conducted using
the cryochemical method. Titrated solutions of Ba(NO,),,
Y(NO;);, and Cu(NO;), were stoichiometrically com-
bined. The solution was sprayed into liquid nitrogen
using a pneumatic nozzle, and the resulting cryogran-
ules were transferred to a metal tray. After evaporation
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of liquid nitrogen, sublimation drying was carried out in
a sublimator SMN-15 (Usifroid, France) for 24 h (P02=
0.1 mm Hg=133. Pa). This freeze-drying process yielded
salt powders with homogeneous distribution. The samples
followed drying for thermal decomposition in a muffle
furnace at 850 °C for 30 min.

The resulting calcined oxide powders, black in color,
were ground in a milling mortar (“Pulviresette 02.102”
from Fritsch, Germany). The average particle sizes of the
powder were measured by means of dynamic light scatter-
ing analysis (Anallezette 22, Germany) and scanning elec-
tron microscopy (REM 100, USSR). According to them,
the average size of the powder was 6.5 um as it has been
previously reported in reference [27].

The powders were pressed into tablets (P, =1 GPa) and
fired at 950 °C in air for 24 h. The cooling process was
performed in a flow of oxygen, following a linear change
in temperature from 950 to 350 °C for 2 days. For a com-
plete oxidation, once the temperature reached 350 °C, it
was maintained at this temperature under oxygen flow for
another 24 h before being cooled in the oven.

3.2 Experimental Set-up

A homemade setup was meticulously assembled. It comprised
a vacuum system of 107> Pa, a gas purification and injection
system (for preparing gas mixtures with predetermined com-
positions), and an analytical component that records temporal
changes in the gas pressure within the system during vacuum
degassing. A schematic representation of the set-up is given in
Fig. 1. To measure the pressure, an oxygen Pirani gauge was
employed. The calibration of the Pirani gauge was performed
by linking the oxygen pressure and the potentiometer signal.
It was meticulously executed by systematically evacuating
a portion of the gas introduced into the calibration volume
(V,=1200 cm?). The exact determination of the volumes of
various sections of the analytical part of the installation (Vi)
was carried out using the pressure equalization method. This
method involved measuring the initial gas pressure (P,) and the
resulting gas pressure (P,) after connecting the analytical part
with a calibrated volume (V,;) previously evacuated to a high
vacuum under isothermal conditions, i.e.,

P, —P,)V,
Vx=(1 DV
P,

To conduct the experiments, the pre-weighed samples were
placed in the reaction cell (see Fig. 1a). Subsequently, the air
was evacuated to high vacuum (10~® mmHg = 133.3 piPa) while
simultaneously heating the cell. Purified and dried oxygen,
passed through a silica gel column (SG), was then injected into
the reactor space. Once the required temperature was reached,
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Pirani Gauge
¥ g

Pumping
16

(a)

Fig.1 a Schematic representation of the set-up used for vacuum
degassing measurement of the YBCO samples: DP-1, DP-2, diffu-
sion pumps; 1-16, traps; trap-1,2,3, nitrogen traps; FB, fore-vacuum
cylinder; T1, T2, thermocouples; SG, system for cleaning and drying
supplied oxygen; PMI-1-3, ionization pressure sensors. The analyti-

the sample (positioned in a quartz basket suspended on a thin
nichrome thread using a vitrified magnetic core) was placed into
the furnace zone and saturated with oxygen at a specified tem-
perature and pressure for a predetermined time.

To monitor the level of saturation oxygen, the sample was
expeditiously transferred from the furnace zone to the upper
section of the cell, which is cooled by the evaporation of water
coming from wet asbestos. After setting a specific degassing
temperature, the sample was repositioned in the hot zone of the
cell and subjected to degassing while undergoing continuous
pumping. Throughout this process, variations in the partial pres-
sure of oxygen in the system were monitored using the Pirani
pressure gauge and the measurements automatically recorded.

The electrical circuit of the Pirani pressure gauge,
depicted in Fig. 1b, represents a conventional Winston
bridge circuit. To enhance the sensitivity of the pressure
gauge, one of the bridge’s arms was replaced with an
exact duplicated pressure gauge featuring as compensa-
tor (denoted as K in the figure). The compensator was
hermetically sealed following meticulous pumping to
a pressure not exceeding 10~ mmHg (1.3 mPa). Both,
the compensator K and the pressure gauge lamp were
immersed in a constant-temperature bath to mitigate the
impact of ambient temperature fluctuations on the pres-
sure gauge readings. The bridge circuit was configured
using the resistances R; and R, shown in the figure. The

Trap-1

Pressure gauge
lamp

Mercury
Pressure
Gauge

¢ Al T

(b)

cal part of the installation is highlighted with a dotted line. b Elec-
trical circuit of the Pirani pressure gauge: K compensator; R, =3.3
Ohm; R, =3.3 Ohm—resistance of the compensator thread; R, =10
Ohm, R, =5 kOhm, R; =33 Ohm—resistance of the potentiometers
and rheostat; E =12 V direct current source

pressure gauge lamp and the compensator K were meticu-
lously fabricated from chemically inert materials (glass,
with a sensitive element composed of thin platinum tape)
and did not incorporate components operating at elevated
temperatures. Consequently, during their operation, any
surface processes capable of inducing alterations in the
gas atmosphere composition were precluded.

3.3 Measurement on Vacuum Degassing

Experiments on vacuum degassing were conducted on the
pressed samples of various densities p=4.5 g/cm’ ( A) and
p=5.5 g/cm’ (series B and C). The preliminary heat treat-
ment of the tablets was as follows:

— Series A. Annealing for 2 h in oxygen (P, = 105 mm
Hg =14 kPa) at 850 °C, which provides the initial value
of the oxygen index x,=0.21

— Series B. Annealing for 2 h in oxygen (Py,= 153 mm
Hg=20.4 kPa at 850 °C), which provides the initial value
xy=0.24

— Series C. Annealing for 1 h at 700 °C in an oxygen
atmosphere (P, = 403 mm Hg=53.7 kPa), then slow
cooling to 400 °C and subsequent annealing for 3 h at
this temperature. In this case, x,=0.96

@ Springer
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Fig.2 Dependence of the amount of desorbed oxygen Ax with time
during vacuum degassing of pressed YBa,Cu;Oy, , tablets (series A)

The oxygen index value was determined from the Yama-
guchi phase diagram [28].

The powdered samples (series D) underwent preliminary
heat treatment at 850 °C (1123 K) and oxygen pressure P,
= 14 kPa. According to the phase diagram by Yamaguchi
[28], that heat treatment corresponds to the oxygen index
xy=0.21. The degassing of the powder was carried out in
the temperature range 450-800 °C (723-1073 K).

For series E, the heat treatment was conducted on the same
samples with an initial value x,=0.31, as follows. Firstly, heat the
reactor to 800 °C and introduce oxygen (P, = 200 kPa). Then,
hold the sample at this temperature for 30 min and followed with
slow cooling of the sample together with the furnace to 600 °C at
arate of 1.7°/min. Eventually, expose at 600 °C for 1 h.

4 Results and Discussions
4.1 Diffusion of Oxygen in YBa,Cu;0,,,

The degassing kinetic curves of the sintered YBa,Cu;Oq, ,
samples (series A) obtained from Eq. (13) are presented in
Fig. 2. The obtained values of oxygen diffusion coefficients
for series B and C are given in Table 1.

The values for the activation energy E, and the pre-exponen-
tial factor D, were obtained with the help of Table 1, as follows:

— Series A: E,=(150=+32) kJ/mol; InD,=(0.73 +0.06) cm?/s

— Series B: E,=(149+42) kJ/mol; InDy=(0.13 +0.02) cm?/s

— Series C: E,= (128 +32) kJ/mol; InD,=(0.57 +0.06)
cm?/s

Figure 3 displays the kinetic curves of the released gas
obtained under isothermal degassing conditions for the
YBa,Cu;04, , powder samples, series D and E. Table 2 pre-
sents their corresponding oxygen kinetic parameters.

Based on the Ax(f) curves shown in Fig. 3, the gas evo-
lution rate constants (k) and oxygen diffusion coefficients
were determined. During the calculation of the diffusion
coefficients, an average radius of the powder particles (b in
Eq. (19)) as 6.5 pm is assumed. The YBa,Cu;Oq, , powder
used in the present work has been previously measured by
means of dynamic light scattering analysis (Anallezette 22,
Germany) and scanning electron microscopy (REM 100,
USSR), as reported in reference [27]. Thus, the obtained
values are listed in Table 2.

Note that by comparing the data presented in Tables 1
and 2, the values of the diffusion coefficients in the pow-
der are two to three orders of magnitude smaller than in
the tablet samples:

Table 1 Oxygen diffusion coefficients obtained for pressed samples YBa,Cu;O,

D (cm?/s)

T(K) p=4.55 (glem?)

p=5.55 (glem?)

Series A (x=0.21)

Series B (x=0.24) Series C (x=0.96)

923 (5.16£0.13)x 1078
(3.43+0.21)x1078

973

1023 (8.7+1.5)x1078
(2.43+1.5)x1078

1073

1123 (4.43+0.07)x 1077

1173 (8.64+0.21)x 1077

(1.13£0.02)x 1078

(5.96+0.85)x107®

(2.78+0.09)x 1078 (7.02+1.04)x 1078

(9.31+0.67)x1078 (1.37+0.3)x1077
(1.34+0.1)x 1077 B
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Fig.3 Ax(7) curves for the YBa,Cu;Og,, samples: a series D and b series E

— Series D: E,=(59.21+5.11) kJ/mol; InD,=(—5.75+0.30)
cm?/s

— Series E: E,=(19.70+4.70) kJ/mol; InD,=(—7.88 +0.29)
cm?/s

By comparing the degassing isotherms obtained for the
pressed samples, series A, B, and C, it is revealed that the
quantity of oxygen desorbed during vacuum degassing is
contingent upon the density of the pressed tablets. High
tablet density results in low amount of desorbed oxygen.
For instance, in series A (p=4.5 g/cm?®), the quantity
of released oxygen ranges from 2% at 923 K to 35% at

Table2 Oxygen diffusion coefficients obtained for YBa,Cu;Oq,,
powders samples (series D and E)

T (K) k(s™h D (cm?/s)

Series D
723 (1.17+0.06)x 1073 (5.00+0.26)x 107!
773 (5.98+1.12)x 1073 (2.57+0.48)x 10710
773 4.75+1.4)x1073 (2.03+0.6)x1071°
823 (177 +4.6)x 1073 (3.33+1.97)x 10710
873 (1.21+0.96)x 1072 (5.2+4.11)x1071°
893 (1.98+0.44)x 1072 (8.49+1.88)x 10710
923 (2.18+2.26)x 1072 (9.37+9.71)x 10710
973 (2.38+1.50)x 1072 (1.02+0.64)x107°
973 (2.71+0.35)x 1072 (1.16+0.15)x 107°
973 (2.85+0.71)x 1072 (1.22+0.30)x 107°
1023 (4.00£2.02)x 1072 (1.72+0.87)x10°
1023 (3.82+1.99)x 1072 (1.64+0.85)x107°

Series E
773 (1.48+0.09)x 1072 (6.37+0.37)x 10710
863 (1.90£0.12)x 1072 (8.16+0.50)x 10710
973 (2.79+0.18)x 1072 (1.20+0.08)x 10710

1177 K of the initial value x,. Conversely, for the high-
density (extruded) samples, series B and C (p=5.5 g/cm?),
the desorbed oxygen amount is lower, varying from 6% at
923 Kto 19% at 1177 K.

For the powdered samples, series D and E (see Fig. 3),
the aforementioned trend of increasing the amount of des-
orbed oxygen from the sample (Ax) with rising degassing
temperature persists.

In addition, within the temperature range 550-600 °C,
over 50% of the oxygen is released during the first 60 min.
Below 550 °C, the quantity of released oxygen does not sur-
pass 40% of the initial value x,,. At elevated vacuum degas-
sing temperatures, nearly 100% of the absorbed oxygen is
liberated. This suggests that the absorption and desorption of
the oxygen in YBa,Cu;0q, . powders occur at a significantly
faster rate compared to the pressed YBa,Cu;Oq, , tablets.

On the other hand, the analysis indicates that for the
pressed samples, series A, B, and C, not all weakly bound
oxygen is desorbed during isothermal vacuum degassing,
i.e., Ax<x,. In this situation, the graphs of the Ax(¢)
dependences (Fig. 2) reveal two distinct stages of degas-
sing kinetics. It is evident that the primary portion of the
desorbed oxygen (approximately 90% of Ax) is liberated
during the initial stage, corresponding to roughly the first
25 min from the moment the sample is placed in the reactor
and the degassing of series A, B, and C starts. Conversely,
the majority of absorbed oxygen in the powdered samples
(series D and E) is desorbed within the first 10 min (see
Fig. 3). The residual portion of absorbed oxygen under-
goes degassing in the second stage, characterized by slower
degassing kinetics.

It is evident that the kinetics of degassing oxygen at these
stages differs. The initial degassing stage can be elucidated
by considering a homogeneous diffusion from a semi-
confined sample with zero concentration at the surface. In
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this case, the diffusion coefficients for the oxygen can be
determined by Eq. (13). The pronounced deceleration in the
kinetics of releasing gas during the second stage, occurring
after a certain period of time (¢ & 25 min) from the initia-
tion of the degassing, may be attributed to the formation
and growth of a new “phase” on the surface of the sample,
likely attributed to reactive diffusion with a lower diffusion
coefficient than that observed in the first stage.

It is noteworthy that the presence of a “surface barrier”
impeding free gas exchange in YBCO has been extensively
discussed for decades [29-32]. This barrier may be associ-
ated either with a specific surface structure or with some
energy parameters. For instance, by using electron micros-
copy, some researchers have demonstrated the formation of
a ceramic layer depleted in oxygen on the surface of the
YBa,Cu;0q, ,, exhibiting new physical properties such as
high electrical resistance [33]. It was further revealed that
the growth of this layer (new phase) occurs parallel to the
c-axis indicating that its formation kinetics is largely influ-
enced by the transport properties of oxygen along the c-axis
[33]. Additionally, it has been established that the diffusion
coefficient along the a- and b-axes is three to four orders of
magnitude greater than along the c-axis [34]. Figure 4 shows
the comparison of the activation energy (E,) values and the
obtained pre-exponential factor D, in the present work with
those reported in the literature [34].

4.2 Diffusion of Oxygen in YBa,Cu, ,Fe O,,.

In the investigation of high-temperature superconducting
compounds, the influence of doping with various chemical
elements on their physical properties holds significant inter-
est [35, 36]. In the present work, particular attention is given

1 serie [logD,= 0,066E,-9,347]

-8 4

1 1 1 1 1 1 1 1
0 40 80 120 160
E,(kJ/mol)

Fig.4 Comparison of the obtained E, and D, values for samples A,
B, and C with the data reported in the literature. The red dots are the
data obtained in the present work, whereas the green dots are taken
from reference [33]

@ Springer

to the impact of the substitution of Cu by Fe atoms on the
oxygen kinetic parameters in YBa,Cu;Og, . The Cu atoms
in the YBCO structure occupy two distinct regions: forming
CuO, planes alongside the ab plane and forming CuO chains
in the c-direction. Substituting Cu with other transition met-
als may offer insights into the nature of the superconductiv-
ity of this system. To validate this notion, the diffusion prop-
erties of oxygen in YBa,Cus JFe Og,, (with y=0.03, 0.06,
0.15, and 0.30) obtained using standard ceramic technology
are investigated here. The oxygen diffusion parameters are
determined under conditions of isothermal gas evolution in
vacuum using the Manometric method described above in
the temperature range 450-700 °C, and based on Eq. (13).
All samples were pre-saturated with oxygen at 850 °C and
under 14 kPa pressure for 0.5 h, corresponding to the initial
oxygen non-stoichiometry X,=0.21.

Figure 5 illustrates the activation energy dependence on
the iron concentration in the structure of YBCO. Table 3
presents the oxygen diffusion parameters for the pressed
YBa2Cu3_yFeyO6+x pellets (with y=0.03, 0.06, 0.15, and
0.30) estimated from their corresponding experimental
dynamic degassing isotherms.

According to the data presented in Fig. 5, it is evident
that the increase in iron concentration significantly impedes
oxygen exchange in YBa,Cus; Fe Og,,, as indicated by the
decrease in the amount of released oxygen with increasing
y. It has been established that when copper is substituted
by Fe in YBa,Cu;0,, iron atoms predominantly occupy the
Cu(1) positions [19]. This substitution leads to a modifi-
cation in the oxygen stoichiometry of the samples due to
the emergence of new oxygen states between Cu(1) atoms
along the crystallographic a-axis [37]. The discrepancy
in the properties of Fe and Cu ions and their oxygen envi-
ronments is manifested in the energy states of oxygen in
iron-doped HTSC compounds. This is further supported by

50
D~%. o — Ea
48 \ - Tc
= 2 L75
o
g 46 \ 9
ﬂ N
(8]
9—‘; 441 5.2 ~
w k50

Fig.5 Dependence of critical temperature of superconducting tran-
sition 7, [36] and activation energy E, on iron concentration y in
YBa,Cu; Fe O,
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Table 3 Values of activation energy (E,) and pre-exponential multi-
plier D, for oxygen diffusion obtained for pressed YBa,Cus; Fe,Oq,
samples (with y=0.03, 0.06, 0.15, and 0.30)

y E, (kJ/mol) Log(Dy) (cm?/s)
0.03 49.35+7.52 —6.44+0.44
0.06 43.85+15.17 —6.78 +£0.92
0.15 41.76 +7.56 —6.87+0.46
0.3 40.34+2.95 —-6.89+0.19

thermogravimetry data [38], indicating that the substitution
of Cu by Fe impedes the release of oxygen from the samples.

A comparison of the obtained data on the dependence
of activation energy with the data on the dependence of the
critical temperature on the iron content according to refer-
ence [37] is also presented in the figure. Overall, both the
activation energy E, and T, exhibit a similar tendency to
decrease with increasing iron content in YBa,Cu;_ Fe O, .

5 Conclusions

The kinetic parameters of oxygen in the YBa,Cu;Oq,
system can be confidently described by the Manometric
method. This approach is also effective for investigating
the kinetic parameters of Fe-doped YBCO. An experimen-
tal discrepancy was observed in the diffusion coefficients
calculated from the isothermal curves of vacuum degassing
for pressed samples (70% of theoretical for series A and
85% of theoretical for series B and C) compared to powder
YBa,Cu;0q, . This difference might be originated by the
presence of “easy paths” such as grain boundaries, micro-
cracks, and micropores in the pressed samples, facilitat-
ing rapid oxygen diffusion during the initial stage. During
degassing process, the relative yield of oxygen in the powder
also demonstrates a monotonic increase with rising tempera-
ture. However, unlike tablets, at 973 K and above, 100%
of the absorbed oxygen is released from the sample. The
experiments have further revealed that an increase in the ini-
tial value of nonstoichiometric oxygen (x;) in YBa,Cu;Oq,
powders influences the value of the activation energy (E,),
underestimating it by nearly three times, along with a corre-
sponding alteration in the pre-exponential factor (D). How-
ever, the values of the diffusion coefficients remain almost
unchanged in absolute terms. As for the YBa,Cu; Fe O,
samples under isothermal conditions of vacuum degassing, it
was found that the rate of releasing oxygen can be described
by an exponential law, and the amount of desorbed oxygen
monotonically increases with increasing degassing tempera-
ture. Eventually, the replacement of Cu with Fe in the YBCO
structure significantly affects the oxygen exchange, as evi-
denced by a decrease in the amount of released oxygen with
y in this compound.
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