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Measurements of Thermal Effects in a Bulk YBCO
Single Domain Superconductor Submitted to a

Variable Magnetic Field

Ph. Laurent, Ph. Vanderbemden, S. Meslin, J. G. Noudem, J.-P. Mathieu, R. Cloots, and M. Ausloos

Abstract—When YBCO single domains are subjected to a
variable magnetic field, the motion of vortices may give rise
to a significant temperature increase and a degradation of the
superconducting properties. We have experimentally investigated
such effects in bulk melt-processed YBCO single domains. Several
temperature sensors, a pick-up coil and two Hall probes were
placed against the surface of a monolithic bulk YBCO pellet.
Data were simultaneously recorded during the application of ac
magnetic fields of various amplitudes, either with or without a
pre-existing dc trapped flux. The measurement results agree well
with to those obtained by numerical modeling. It was also found
that a superimposed dc magnetic moment reduces the temperature
increase caused by the ac magnetic field.

Index Terms—High-temperature superconductors, magnetic
variables measurement, thermal variables measurement.

I. INTRODUCTION

ULK melt-processed YBayCuzO7 (YBCO) single do-

mains have been shown to trap significant magnetic
inductions at liquid nitrogen temperature [1]-[3]. These ma-
terials are extremely promising as a competing technology
for permanent magnets in several engineering applications in-
cluding magnetic bearings and brushless ac machines [4]—[7].
In many topologies envisaged for designing an efficient elec-
trical motor based on bulk superconductors, the YBCO sample
is permanently magnetized parallel to its c-axis and placed in
the machine rotor [8], [9]. In this configuration, the sample is
likely to experience transient variations of the applied magnetic
field caused by modifications of the applied torque on the
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shaft. In a similar way, when bulk superconductors are used in
magnetic bearings, the vibration or the irregular magnetization
of the permanent magnet can result in a time-varying magnetic
induction [4]. The resulting vortex motion may cause large
hysteresis losses and a significant temperature increase which,
in turn, has a detrimental effect on the initial trapped flux [10],
[11].

The problem of accurately predicting the temperature rise
within bulk superconductors subjected to variable magnetic
fields is quite intricate because of the complex interplay be-
tween the physical parameters involved: on the one hand, the
temperature distribution is controlled by the power P dissipated
at each point of the sample; on the other hand, P is a function of
both the magnetic induction B and the critical current density
J. which is strongly temperature dependent. In practice, a
detailed understanding of these effects requires specific exper-
imental investigations. Fujishiro et al. successfully measured
the temperature rise and the field distribution during pulse field
magnetizing of bulk superconductors [12], [13]. Tsukamoto et
al. have calculated and measured the temperature distribution at
the surface of a permanently magnetized bulk superconductor
after the application of an external ac magnetic field [14]. In a
previous work [15], we measured the temperature distribution
during the application of the ac magnetic field and compared
the measurement result to theoretical predictions.

The aim of the present paper is to complement the experi-
mental investigations described above by carrying out simul-
taneous measurements of temperature and magnetic induction
distribution on a bulk melt-processed single domain during the
application of an ac magnetic field. We also wish to investigate
the influence of a pre-existing trapped flux on the thermal ef-
fects taking place in these materials.

II. EXPERIMENT

Bulk melt-processed YBCO single domains were prepared by
a top seeding technique. The details of the synthesis process as
well as microstructural characterizations of the materials have
been described in previous papers [16], [17].

The disk-shaped samples have a typical size of 10 mm diam-
eter and 8 mm thickness. The superconducting properties were
determined by conventional measurement techniques [18]. The
material is characterized by a critical temperature 7. ca. 91 K
and critical current density .J. ca. 10 A/ cm® at T = 77 K and
B =03T.

A bulk YBCO cylindrical pellet was mounted with the fol-
lowing sensors, as schematically shown on Fig. 1: (i) several E
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Fig. 1. Schematic diagram of the sample side view, showing the location of
two of the temperature sensors (centre 4 edge), the two Hall sensors (centre 4
edge) and the pick-up coil.

type thermocouples attached to the top surface and located at
several distances from the center, (ii) two AREPOC Hall probes
(active surface 2 mm X 3 mm) placed against the sample bottom
surface and (iii) a pick-up coil closely wound around the lat-
eral surface [19]. The two Hall sensors probe the c-axis local
magnetic induction respectively at the centre and at 1.5 mm
from the sample edge. In order to limit Joule heating, both sen-
sors were fed with the smallest possible current (I ~ 1 mA)
allowing an acceptable sensitivity. The pick-up coil measured
the c-axis magnetic induction averaged over the whole single
domain. The sample and the sensors were embedded in epoxy
resin (thickness = 5 mm) and immersed in liquid nitrogen
(T = 77 K). The sample was then submitted to an ac mag-
netic field (f = 50 Hz, H||c-axis) generated by a copper coil. A
second coaxial coil of larger diameter was also used to superim-
pose a dc magnetic field parallel to the ac field. The magnet cur-
rent and all sensor signals were simultaneously recorded using a
PCI-6221 National Instruments multi-channel data acquisition
card.

In addition, the temperature dependence of the thermal con-
ductivity (") of small bar-shaped samples was measured using
a home-made experimental set-up inserted in a Quantum Design
Physical Property Measurement System (PPMS) [20], [21].

III. RESULTS AND DISCUSSION

A. Simultaneous Thermal and Magnetic Measurements

Fig. 2 compares the time-dependence of the temperature and
the magnetic properties of such a bulk YBCO single domain
using the experimental set-up described above. The sample is
initially cooled down to T' = 77 K in zero-field. At¢ = 0 an ac
magnetic field (62 mT, 50 Hz) is applied.

We first focus on the temperature measured at the centre and
at the sample edge (Fig. 2(a)). For ¢ < 300 s, both tempera-
tures are found to increase in a sublinear manner. Next, thermal
runaway occurs (¢ &~ 320 s) and both temperatures eventually
exhibit a steady-state regime after approximately t ~ 330 s. As
can be seen in the inset of Fig. 2(a), the initial edge temperature
is higher than the temperature measured at the sample centre
whereas the opposite behavior is observed for ¢ > 50 s. When
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Fig. 2. Simultaneous measurements on a YBCO single domain subjected to an
ac magnetic field (62 mT-50 Hz) applied at t = 0. (a) Temperature measured at
the centre (T ) and at the edge (T’ ) of the top surface. Inset: initial temperature
increase. (b) Local ac magnetic induction probed by Hall probes at the centre
(Bc) and at the edge (B ), average magnetic induction probed by the sensing
coil (Bgye). (¢) Average dissipated power.

the steady-state is reached, the temperature of the central ther-
mocouple is ca. 1.2 K higher than the temperature of the edge.
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This result underlines that the cooling in the periphery is more
efficient than in the centre.

Second, we turn to the behavior of the magnetic flux lines
during the same experiment. Fig. 2(b) compares the local ac
magnetic induction at the sample edge (Bg), at the sample
centre (B¢ ) and the average ac magnetic induction B,y probed
by the pick-up coil. As long as ¢ < 315 s, the three signals
are much smaller than the applied induction pugH = 62 mT
and satisfy Bc < Bayve < Bg. This result is expected because
of the efficient magnetic shielding occurring while the whole
sample is still in the superconducting state (7" < 90 K). The
slight increase of the measured magnetic inductions during this
time interval can be attributed to the decrease of the critical cur-
rent density J¢ caused by the sample warming (cf. Fig. 2(a)).
Before the sample is completely penetrated by the flux, the
local magnetic inductions are found to display a remarkable
and reproducible non-monotonic behavior (inset of Fig. 2(b)):
the central induction displays an abrupt jump,—transiently
exceeding the applied induction—, whereas the edge induction
exhibits a minimum preceding the final rise. Such results
clearly suggest a migration of flux lines from the sample edge
towards the centre when the core temperature increases. This
flux migration transiently reduces the local magnetic induction
Bpg at the outer perimeter of the sample, whence resulting
in the observed minimum. Such a behavior is in agreement
with the temperature distribution plotted in Fig. 2(a), showing
approximately a 1 K temperature gradient between the central
part and the edge of the sample.

Third, continuous recording of the B(t) and H(t) signals
throughout the experiment allowed us to calculate the dissi-
pated power P over the whole sample volume for each cycle
of the ac field. The result, plotted in Fig. 2(c), displays a sharp
peak (~0.7 W) that coincides with the thermal runaway and the
abrupt rise of the magnetic inductions (Fig. 2(b)).

Interestingly, the dissipated power does not vanish once the
steady-state is reached (¢ > 330 s) but remains to some non-
zero value (~0.35 W). These results clearly suggest that some
parts of the sample are still in the superconducting state in this
regime, although the average magnetic induction is close to the
applied induction. The heat flux generated by ac losses is con-
stantly drained out by thermal conduction through the epoxy
resin layer, resulting in time-independent measured tempera-
tures.

The set of measurements described above was repeated in the
presence of several dc magnetic fields superimposed to the ac
field. The results are qualitatively similar to those depicted in
Fig. 2, but the time intervals before the steady state regime in-
crease with increasing dc field (see Table I). The experiment
was also carried out in the presence of a permanent trapped flux
before applying the ac magnetic field. This configuration yields
the same phenomenon: the presence of a small dc magnetic mo-
ment reduces the temperature increase caused by the ac field or,
conversely, increases the time required to reach a constant tem-
perature. Although the exact reason for this behavior remains
unclear, it may be linked to the field-dependence of the crit-
ical current density .J.(B): the dc magnetic moment globally
reduces the average J. and the dissipated power throughout the
experiment.
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TABLE I
TIME BETWEEN THE START OF THE AC SOLICITATION AND THE STEADY-STATE
REGIME (CONSTANT TEMPERATURE)

superimposed dc field poHpc Time interval At

0mT Aty (~325s)

28 mT 1.10 Aty

55mT 1.26 Aty
Magnetized sample 1.08 At

Time interval needed to reach the steady-state regime when an ac magnetic
field (62 mT-50 Hz) is applied at ¢ = 0. The term ‘magnetized sample’
refers to a sample in which magnetic flux was trapped (Field Cooling [FC]
procedure down to 7 = 77 K under 0.5 T) before starting the ac sollicitation.

TABLE II
PARAMETERS USED FOR THERMAL MODELING

Parameter Value
YBCO thermal conductivity || ab 7.5W/mK
YBCO thermal conductivity || ¢ 2W/mK
YBCO thermal diffusivity || ab 105 m%s
Epoxy thermal conductivity (isotropic) 0.055W/mK
Epoxy thermal diffusivity (isotropic) 4.4 107 m?s
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Fig. 3. Computer modeling of the temperature at the locations where thermo-
couples are attached to the sample surface.

B. Computer Modeling Results

The results displayed in Fig. 2 can be used for checking the
validity of the parameters used in computer modeling. Thanks
to the accurate determination of the average power dissipated
within the sample (Fig. 2(c)), we can solve the heat equation
using a Finite Difference Method and compute the temperatures
at the locations where thermocouples are attached to the top sur-
face (cf. Fig. 1). The thermal parameters of the superconductor
were deduced from measurements carried out on small samples
extracted from the single domain, whereas those of the insu-
lating layer were taken from the literature [22]. All are sum-
marized in Table II. Agreement between modeling (Fig. 3) and
experimental data (Fig. 2(a)) is very satisfactory, although our
modeling assumes that the dissipated power is uniform within
the sample.
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IV. CONCLUSION

Thermal effects resulting from the application of an ac mag-
netic field to a large bulk melt-textured YBCO single domain
were measured using different sensors. The results so obtained
allow the average dissipated power to be determined; they point
out to the very inhomogeneous temperature and flux distribu-
tion within the sample. It has also been found that the presence
of a dc magnetic moment substantially reduces the temperature
increase caused by the ac field. Modeling the temperature evo-
lution can be satisfactorily done.
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