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Abstract

®

CrossMark

In this study, we investigate the differences in the normal zone development between artificial
pinning center free (APC-free) and BaZrO3 (BZO)-doped YBa,;Cu3Og., (YBCO) thin films
deposited on SrTiO3 substrates. Normal zone propagation velocities (NZPV) and minimum
quench energies (MQE) were measured over a wide range of temperatures (20-70 K) and
magnetic fields (0-8 T) as a function of the percentage of the critical current (%!I..). We found
that lower MQE values are required in BZO-doped YBCO to trigger a quench. The most
significant differences between APC-free and BZO-doped films in NZPV behavior were
observed at high temperature and magnetic field values. Differences in quench characteristics
can be attributed to variations in flux pinning mechanisms and current-carrying capabilities
arising from the distinct properties of pinning centers. Through detailed analysis, this study
enhances the understanding of how flux flow influences normal zone development in different
YBCO thin films, providing insights relevant to technological challenges such as stability under
high magnetic fields and quench detection in future high-temperature superconductor magnets.

Keywords: HTS superconductors, YBCO, BZO doping, quench,

normal zone propagation velocity, minimum quench energy

1. Introduction

High-temperature superconductors (HTSs) are highly suited
for applications requiring intense magnetic fields due to their
high critical current densities, enabling efficient magnetic field
generation with minimal energy loss through heat dissipation
[1-5]. This makes HTS materials ideal for use in high-field
applications, such as fusion reactors, particle accelerators, and
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advanced magnetic resonance imaging devices [6—8]. One of
the most significant practical challenges in HT'S magnet pro-
tection is developing a system that can quickly detect and
respond to a transition from the superconducting to the normal
state known as quench. Understanding key properties, such as
the normal zone propagation velocity (NZPV), the minimum
quench energy (MQE), and the material’s response to external
stimuli, is critical in designing these protective systems [9—12].

Present HTS coated conductor fabrication methods create
inhomogeneities along the length of the tape creating vari-
ations in the critical current. The /. variation in a tape can
be even 20% around the average [11]. Some parts of the tape
therefore carry a larger percentage of the critical current than
originally designed. If the current exceeds the /., the super-
conductor reverts to the normal state and these resistive parts
produce heat due to Ohmic heating. These resistive parts are

© 2025 The Author(s). Published by IOP Publishing Ltd
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referred to as hot spots. The temperature difference at the
edges of the hot spot creates diffusion of the heat. If the gener-
ated heat flux is greater than the diffusion of the heat, the hot
spot starts to expand along the tape. During a quench the velo-
city of the expanding normal state is the NZPV. The minimum
dissipated heat that causes a quench is referred to as MQE [13].

For low-temperature superconductor (LTS) magnets,
voltage detection methods are used for detecting a quench.
The reason for this is a very low enthalpy margin that results
in a rapidly propagating normal zone [12]. However, in their
HTS counterparts, due to the significantly larger operational
margin, the normal zone propagates at a much slower velocity
[12]. The typical NZPV values for HTS are 1-10 ** and for
LTS are 1-10% making the difference about two to three
orders of magnitude [14]. For LTS even 10 wJ is sufficient to
initiate a quench but in HTS MQE is on the order of 1J [9, 14].
Because of these differences, different quench detectors have
been suggested for HTS magnets such as fiber optic [15, 16],
acoustic [17, 18], or superconducting [19, 20] quench detect-
ors. It is self-evident that understanding the quench behavior
of HT'S is of utmost importance for their practical applications.
Quench characteristics, such as NZPV and MQE, have been
measured for different YBCO coated conductors in multiple
different studies [9-11, 13, 21-23].

To ensure the safe operation of coated conductors the
quench needs to propagate faster. Different coated conductor
architectures have been studied to understand the relevant
parameters controlling the NZPV. It has been found that hav-
ing a thin stabilizer with high electrical resistance and low heat
capacity increases the NZPV of a coated conductor [24]. Also
by increasing the current transfer length (CTL) between the
superconductor and the stabilizer results in a faster propagat-
ing normal zone. One notable way of modifying this CTL has
been to implement so called current flow diverter (CFD) archi-
tecture. The basics of this architecture are to insert a highly
resistive layer as part of the coated conductor geometry. This
increases the CTL and gives a better spatial distribution of heat
generation when the normal zone redistributes the current [25].
Different methods that have been implemented in order to cre-
ate a CFD architecture include, for instance, using chemical
etching and sputtering to modify the silver layer on top of the
superconductive part [24], using diffusion reaction between
evaporated indium and the silver layer to form a stable inter-
metallic compound that acts as the CFD layer [26], and using
inkjet printing, oxygen annealing and sputtering to create sil-
ver patterns with high interfacial resistance on the supercon-
ducting surface [27]. All of these methods have been able to
increase the NZPV values of HTS coated conductors to the
same range that is observed with LTS.

In simple thin films, the current flows always in YBCO
because there are no metallic layers that enable the current
sharing effect in coated conductors [12, 13], making them ideal
for studying the physics behind the quench. Increasing cur-
rent first induces vortex motion, such as thermally activated
flux flow (TAFF), which dissipates heat, before reaching the
actual I, [28, 29]. Differences in the transport current behavior
result in propagation that is not similar to that of the coated
conductors. It has been well studied that the introduction of

non-superconducting linear defects that have a diameter of a
vortex core and penetrate through the sample are very effect-
ive in pinning the vortices. BaZrO3; (BZO) can be used to cre-
ate these artificial pinning centers (APCs) that have consid-
erably increased the in-field critical current (J.(B)) of YBCO
[30-34]. According to our knowledge, quench characteristics
of APC-free YBCO thin films nor coated conductors have been
compared to their counterparts that include APCs.

In this work, we have studied differences in the quench
characteristics for APC-free YBCO and BZO-doped YBCO
thin films in wide temperature and magnetic field ranges. The
largest differences in NZPV behavior were observed in high
magnetic fields and high temperatures. We also observed that
MQE values were lower for the BZO-doped sample. These dif-
ferences in NZPV and MQE between the APC-free and BZO-
doped YBCO films are discussed with the theory of flux pin-
ning, which gives the opportunity to develop better supercon-
ductor tapes for future applications.

2. Experimental details

2.1. Methods

APC-free and BZO-doped YBCO thin films with thickness
of =200 nm were prepared by pulsed laser deposition (PLD)
on 10mm x 10 mm SrTiO5; (STO) (100) substrates. Both tar-
gets used in this work were prepared using the solid-state
reaction method [35]. The BZO weight percentage of the
BZO-doped YBCO target was 4 wt.%. This doping ratio is
based on our previous work [30]. All critical PLD paramet-
ers required for successful film deposition are from our earlier
optimizations [36].

Thin films were patterned into 50 ym-wide microbridges
using maskless photolithography combined with wet chemical
etching. This pattern is presented in figure 1. The procedure
involved spin-coating Megaposit™ SPR™ 220-4.5 photores-
ist at 8000 rpm, followed by laser-writer exposure using a
Dilase 250 system (Kloé). Development was carried out in
a sodium hydroxide (NaOH) solution, after which the films
were etched in a phosphoric acid (H3PO,) bath. The residual
photoresist was subsequently removed with acetone.

Magnetic hysteresis loops of the samples were measured
at 10K using the quantum design physical property meas-
urement system (PPMS) before the patterning process. From
these loops the critical current densities of the samples were
determined using the Bean model for a rectangular shape film
J.=2Am/[a(1 —a/3D)V], where Am is the opening of the
hysteresis loop, a and b are the width and length of the film,
and V is the volume of the film [37]. PPMS AC transport meas-
urement system was used to measure the I/ — V curves. Cs-
corrected JEOL JEM 2200-FS scanning transmission electron
microscopy using operation voltage of 200kV with a high-
angle angular dark-field detector was used to show the BZO
nanorods in the BZO-doped sample. The NZPVs and min-
imum quench energies of the thin films were measured with
PPMS that had National Instruments PXIe-1073 connected to
it. PPMS was used to control the temperature and magnetic
field of the system, and it also applied currents to the sample.
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Stripe width 50 um
1 mm ‘ 1 mm—I mm ‘ 1 mm
Ch1l Ch 2 Ch 3 Ch 4

Figure 1. Schematic image of the YBCO microbridge used in this
work. The thickness of the stripe is =200 nm. The dimensions of the
resistor are 2.0 mm X 1.2 mm and the dimensions of the current and
voltage contacts are 1.1 mm X 2.5 mm and 0.4 mm X 0.7 mm,
respectively. In addition, the glued resistor is added to the right
upper corner of the current contact pad which is the location where
the heat pulse originates.

NI PXIe-1073 was used to record the time evolution of the
voltages within the sample. The quench measurement system
was controlled using a LabVIEW platform.

2.2. Measurement procedure

The connections to the samples were made by wire bond-
ing 33 um Al-wire between the sample and the PPMS sample
puck using TPT HBO5 Wire Bonder. The current wires were
at the ends of the microbridge and the voltage measurements
were taken from the middle of the microbridge, as presented
in figure 1. Two wires were bonded to a 2202 resistor that
was glued to the left side of the sample using Loctite® Stycast
2850FT. This resistor was used to create 0.7 s long heat pulses
that would initiate the quench.

For NZPV measurements, the critical currents (I.s) of the
samples had to be defined. This was done by measuring the
I —V curves of the samples in all temperatures and magnetic
fields that would be used in the study. These measurements
were continued close to 1 A current, where the PPMS mag-
netometer’s maximum current would be reached. The critical
currents were obtained using the 1 % electric field criterion.
These critical current values are presented in figure 2. The per-
centages of the critical currents were calculated from these val-
ues. It can be seen that the highest critical currents are in 0T
with the APC-free YBCO. However, the critical currents of the
BZO-doped sample in all magnetic field values are higher than
or almost equal to the critical currents measured in 1 T for the
APC-free YBCO.

NZPV measurements started after the sample had cooled
to 70 K within the PPMS. In the measurements, the differ-
ent current values were applied to the sample one at a time,
and for each value the current through the resistor was adjus-
ted accordingly. The resistor current was increased in 1 mA
steps until a quench was observed in the voltage values. In
figure 3, we have presented a full recovery (a) and a quench
that occurred when the resistor current increased 1 mA (b). In
full recovery, the thermal energy created by the heat pulse is
not sufficient to initiate a quench. This can be seen from the
voltage values where the maximum is about 70 mV compared
to approximately 100 times higher voltage values in the case
of a quench. Because the values are much lower, no part of

10

T T T T T
TAl -@- 5T APC-free =& 0T BZO-doped S~ 5T BZO-doped A~
TAPC-free -l 8T APC-free - 1T BZO.doped -5+ 8 T BZO-doped -

Je (108 A/cm?)

Figure 2. Critical current values for APC-free and BZO-doped
YBCO samples measured at various temperatures and magnetic
fields. The blue curves correspond to the APC-free sample

and the red curves to the BZO-doped sample. Different symbols
correspond to different magnetic field values. Note that the PPMS
magnetometer’s maximum current of 1 A (10 MA cm™?) restricts
measurement capabilities, particularly at low temperatures and in
small magnetic fields.

the sample reaches the normal state and the voltages quickly
return to the original values close to 0 V.

Before the heat pulse, the vortices do not move, and the
measured voltage is O V. During the heat pulse, the thermal
energy increases the temperature of the YBCO quickly to tem-
peratures close to ¢, and the TAFF of the vortices begins [28,
29, 38]. This vortex movement creates resistance and heat [28,
29, 34, 38]. The resistance is observed as an increase in the
voltage values. Channel 1, which is the channel closest to the
heat pulse, reacts strongly to the heat pulse, and some reac-
tion can be clearly seen from the channel 2 voltages as well.
However, the system cools too fast for the quench to begin and
the voltages return to O V. When the quench occurs, the thermal
energy heats the YBCO part closest to the resistor so much that
the J.. value is reached, and the YBCO begins to change into
the normal state [34, 38]. This transition is very sharp after the
initial build-up, as can be seen from the changes in the voltage
values (see figure 3(b)). After the sharp increase in voltages,
the heated part has entered the normal state and the heat is dis-
sipated via electrons to the next part of the microbridge. In full
recovery and in overall quench channel 1 starts to react during
the heat pulse, but it is not clearly visible in the quench data
because of a larger voltage range. The excess thermal energy
that is dissipated along the sample decreases along the length
of the microbridge. This can be seen from the voltage spike
values (see figure 3(b)) that are higher in channels 1 and 2 and
decrease so that in channel 4 the voltage values do not spike.
This spike results from an increase in the resistance of the nor-
mal state YBCO which is caused by the excess thermal energy.
After measurements were made for current values that were
below 100 mA, the temperature and magnetic field of the sys-
tem were changed so that in the next measurement the increase
in absolute current would be the lowest possible. Using this
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Figure 3. Usual quench development. (a) Full recovery in 70K 1 T for doped YBCO when the current through the sample was 0.9/; and the
current through the resistor was Ir = 36 mA. (b) Measured quench in 70K 1T for doped YBCO when the current through the sample was

0.91; and the current through the resistor was Ir = 37 mA.

measurement procedure, we tried to avoid breaking the sample
as long as possible.

3. Results and discussion

3.1. Differences in APC-free and BZO-doped YBCO fims

BZO doping changes the crystallographic structure of YBCO
films, while increasing the flux pinning properties [30-34].
These changes affect the values of the critical current dens-
ity (J.), which are presented in figure 4. In zero and very low
fields, the values of J; are strongly connected to the coherence
length and the penetration depth of the superconductor. Both
of these quantities depend on the superconductors electron
mean free path [39, 40]. Adding non-superconducting material
that works as coherent APCs into the YBCO matrix decreases
the mean free path of the electrons. Therefore, the zero field
critical current (J¢ o) is lower in the BZO-doped YBCO [39].
However, the critical current density as a function of the mag-
netic field decreases greatly for APC-free YBCO. This origin-
ates from the fact that there are no strong pinning centers that
would counteract the Lorentz force (F1 ), which is created by
the transport current, that affects the vortices [29]. In BZO-
doped YBCO, the decrease in J. is much more gradual because
the formed BZO nanorods, which self-assemble into columnar
defects along the c-axis of the crystal lattice of YBCO, act as
strong pinning centers [31, 33, 34]. The change in the J.(B)
shape is related to the increase in the characteristic accom-
modation field (B*) where J. starts to decrease substantially
[33, 41]. B* is usually defined from the field value where
Je=10.9J. [41]. The increase in B* can also be seen from
the lengthening of the low-field plateau [33, 41]. After reach-
ing the value of B*, the value of J, of BZO-doped YBCO also
starts to decrease. From figure 4, it can be seen that at some
low magnetic field value the J.(B) curves of the APC-free
and BZO-doped YBCO cross, and in larger magnetic field val-
ues, the BZO-doped one is able to carry larger currents. This
effect can also be seen in figure 2 where almost all critical
current values of the BZO-doped sample are higher compared
to the /. values of the APC-free sample in magnetic field. In
figure 4 inset, we have shown TEM measurements of APC-
free and BZO-doped YBCO, where the formed BZO nanorods

" APG-free —a— |
BZO-doped —@—

<
€
—
<
% 10
3
0.001 0.01 0.1 1 10
BM

Figure 4. Magnetic field dependencies of the critical current
densities of APC-free (blue) and BZO-doped (red) YBCO in 10 K.
In the inset, there is a TEM image of both APC-free (left) and
BZO-doped (right) YBCO. BZO nanorods are shown with arrows.

can clearly be seen. The average diameter of the nanorods in
4 wt.% BZO-doped YBCO films is ~6 nm and their average
distance from each other is ~20 nm [40, 42, 43].

3.2. MQE

The idea of MQE is to initiate a quench with the lowest pos-
sible thermal energy to minimize the effect of the energy
input on the accurate estimation of the NZPV [22]. The MQE
was approximated to be MQE = I’Rt, where [ is the current
through the resistor, R is the resistance of the resistor and ¢
is the width of the heat pulse. The resistance did not change
much at different temperatures, so 220 (2 value was used in
the MQE calculations. The quench measurements for both
samples continued until the microbridges broke due to thermal
effects caused by the heat pulse and increased current through
the sample. For APC-free YBCO this occurred at 30K 8T
when the current through the sample was 0.9/, and for BZO-
doped YBCO it was at 30K 8 T with 0.5/, current. Due to
the different J. behaviors of the samples, there are more low-
temperature points for APC-free YBCO and more O T points
for BZO-doped YBCO.
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Figure 5. Calculated MQE values for (a) APC-free YBCO and (b) BZO-doped YBCO. The bright green dots indicate the heat pulses that
broke both samples at 30 K 8 T. Different temperatures and magnetic fields are indicated by different colors and symbols, respectively.
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Figure 6. The MQE values when the current through the sample
was 0.9/;. The blue curves correspond to the APC-free sample and
the red curves to the BZO-doped sample. Different symbols
correspond to different magnetic field values.

In figure 5, the calculated minimum quench energies are
presented as a function of the percentage of critical current
for both samples. There are also green dots showing the
point where the samples broke. It can be seen that the MQE
decreases almost linearly as a function of the critical current
percentage for both YBCO samples. This indicates that the
increase in current, which increases the flux motion through
heat and Lorentz force, heats the sample, and less energy
is needed from the resistor. The amount of energy required
increases with decreasing temperature. At higher temperat-
ures, the vortices have more thermal energy and there are more
thermal fluctuations, so the pinning centers have less effect on
the vortex motion [28, 29, 38]. Therefore, the heat pulse needs
to give less thermal energy to the vortices to start the propaga-
tion of the normal zone.

In BZO-doped YBCO, the energies required at the same
temperature and field values are smaller than in the APC-free
YBCO. From figure 6, where the MQE values are presented as
a function of the temperature when the percentage of critical
current was kept at 0.91;, we can see that at lower temperat-
ure the difference between the MQE values is greater. There
are points only in 50 K, 60 K, and 70 K that were measured at

the same temperature and magnetic field, but the general trend
seems to indicate that APC-free YBCO requires more heating
power. At lower temperatures, the absolute currents through
the BZO-doped sample are larger, and therefore more heat is
generated in the initiated normal zone. However, for instance
at 70K 1T the BZO-doped sample still requires less energy,
even though the /; values are higher in the APC-free sample.
Because the differences in the MQE values at 70K 1T are
quite small, compared to the low-temperature values, it indic-
ates that the absolute current dominates the differences in the
MQE values. From the data we can deduce that, at the same
temperature and magnetic field, and with approximately the
same I, the BZO-doped sample requires less energy to ini-
tiate a quench. This difference results from the fact that the
pinning forces are higher in the BZO-doped sample [31, 39].
Therefore, when the heat pulse transfers thermal energy to the
vortices and the temperature starts to increase, the temperature
increase in the BZO-doped sample requires less energy. Less
energy is required because TAFF is more localized in the BZO-
doped sample due to the higher pinning force which reduces
the area where heat can dissipate [28, 29, 38]. In the APC-free
sample the vortices can move further and the same temperature
increase requires more energy from the resistor.

3.3. NZPV

The NZPVs were calculated by taking the time delay between
channels 3 and 4 to reach a certain voltage threshold. The
distance between the channels is known to be 1 mm. In this
work, the threshold was chosen to be 10mV because it is
clearly above the noise level but it is still a low voltage, which
indicates the arrival of a normal zone into the channel range.
Channels 3 and 4 were chosen because they are the furthest
away from the resistor. Ideally, the channels that are the fur-
thest away should be used in order to minimize the over-
influence of the original heat pulse on the propagation velocity
[9, 13]. In figure 7, we have presented a close up of the quench
data of the BZO-doped sample in 40 K 5 T with 0.7/, current
and the 10 mV threshold that was used to calculate the NZPV
values.

The calculated NZPVs of both samples are presented in
figure 8. In most of the different temperatures and magnetic
fields, the NZPV seems to be almost constant for both samples.
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Figure 7. The measured quench data from 40 K 5 T when the
current through the sample was 0.7/, for the doped YBCO. The
10 mV threshold used the determine the NZPV values is also shown.

This indicates that the increase in current compensates for
the decrease in the heat pulse, thus resulting in a constant
movement of the vortices in one specific temperature and mag-
netic field value. We see that at higher temperature and mag-
netic field values the NZPV starts to deviate from the constant
value. The decrease in NZPV values is only observed at low
transport current values (<61 mA) so this could be the reason
for the change in the behavior. In lower current values, the
driving force created by the Lorentz force decreases [28, 29],
and is not compensated by the increase in MQE. Therefore,
the decrease in NZPV values results from the transport cur-
rent becoming so low that it no longer provides enough driving
force to move the vortices in the same way as higher transport
currents do. In the APC-free sample this effect is more com-
mon because the in-field critical current values decrease faster
compared to the BZO-doped sample.

The NZPV values seem to generally increase with increas-
ing temperature. This results from the increased thermal
energy of the vortices at a higher temperature, which results in
a faster heating process. At lower temperature, more energy is
also required to heat the sample to normal state, and therefore
heating takes more time. In both samples, we can see that gen-
erally the magnetic field has a very small effect on the values
of NZPV. In the BZO-doped sample, the NZPV values meas-
ured at a certain temperature nearly coincide, indicating that
the magnetic field has almost negligible effect. In the APC-free
sample, different temperature values are closer to each other.
This results from the magnetic field dependence of NZPV val-
ues, so that the different temperatures start to overlap with each
other. These differences arise from larger changes in the I,
values at different magnetic fields. The NZPV values seem to
be mostly in the same range of about 10° - 10? =2, By
comparing the NZPV values of different samples, it can be
seen that at higher temperature close to the /. the normal zone
propagates about two times faster in the BZO-doped sample
than in the APC-free. At lower temperature the differences
start to be smaller until at 40 K the normal zone propagates
faster in the APC-free sample. It can also be seen that in the

APC-free sample there are more situations where the NZPV
changes as a function of %lI..

3.4. Discussion

According to our study, we found differences in both MQE
and NZPV values for YBCO samples with and without APCs.
In particular, at lower temperatures the differences in the MQE
values were almost double. This difference was found to ori-
ginate from the different J.(B)-characteristics. These char-
acteristics arise from the enhanced pinning properties of the
BZO-doped film resulting in higher transport current val-
ues compared to the APC-free film. At higher temperatures,
the differences were caused by the pinning strengths of the
samples. The differences in the samples resulting in different
MQE values are presented in figure 9(a). It was found that the
normal zone propagates almost twice as fast in the BZO-doped
sample at a higher temperature and close to the critical cur-
rent. From the MQE values we know that the creation of the
normal zone is easier in the BZO-doped sample. As a result,
BZO-doped YBCO would be capable of carrying higher cur-
rent densities and performing more effectively in high mag-
netic fields, but it would also be more prone to quenching.
However, at least at higher operation temperatures and cur-
rents, the created normal zone would travel faster and could be
detected more easily. This is something that needs to be taken
into account when designing high-magnetic-field applications.

NZPVs for coated conductors containing APC-free YBCO
have been reported to be in the range of 10° =R 102 =9,
10, 13, 21-23]. This is quite close to the values that were
observed with our two YBCO/STO samples meaning that the
behaviour is closer to the classical coated conductors than
CFDs that generally have NZPVs in the range of 1-10 % [24,
26, 27]. Differences arise from NZPV behavior as a function
of %I.. It has been reported that at one temperature and field
value the NZPV increases with higher current [9-11, 13, 21,
22]. However, this is something that we do not observe until
we reach the low current range and the NZPV starts to decrease
with smaller current. These effects are not the same because
otherwise we would expect that the NZPV decreases at all dif-
ferent temperature and field values. NZPV has been reported to
decrease with higher temperature [9, 10, 21, 23]. This observa-
tion is opposite to what we observe in our study. This indicates
that the NZPV is more dominated by the operating temperat-
ure than by the transport current in YBCO thin films, which is
opposite to the behavior in YBCO coated conductors. These
differences arise from the different heat propagation mechan-
isms that occur in YBCO thin films and coated conductors.
The mechanisms differ because YBCO thin films lack a sta-
bilizing normal metal layer (Ag and Cu) that would otherwise
heat the superconducting sample by Joule heating [13]. As a
result, the influence of the transport current on normal zone
propagation is less significant. The effect of the substrates is
negligible, since both STO and the buffer layers on top of the
Hastelloy are insulators and no current will flow in them [11].
The differences between YBCO thin films grown on STO sub-
strates and, on the other hand, YBCO coated conductors are
presented in figure 9(b).
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Figure 9. Schematic illustrations of (a) heat dissipation differences between APC-free and BZO-doped YBCO films, and on the other hand,
(b) current flow differences between YBCO grown on insulating single crystal STO substrate and YBCO coated conductor. The YBCO
coated conductor generally consists of YBCO grown on a Hastelloy substrate that has insulating buffer layers between the metal and
YBCO. This structure is then capped by a thin protective silver layer and surrounded by copper [13]. In (a), because the pinning force is
greater in the BZO-doped YBCO, the heat dissipation is reduced to a smaller area and results in a faster temperature increase. In (b), when
the temperature of the YBCO starts to increase in a coated conductor, the current starts to flow in the stabilizing metal layers instead of
YBCO. In YBCO thin films grown on STO, there are no layers where the current can flow except the YBCO.

MQE values for coated conductors have been reported to be
in the range of 10~ — 10'J [9, 10, 21, 23]. Our measurements
are in this range but on the lower side. It has also been observed
that MQE decreases with higher temperature [9, 21, 23] as well
as with higher current [9, 10, 21, 23]. Both observations are in
line with our measurements, indicating that MQE behavior is
less influenced by Joule heating from the normal metal layer
than the NZPV behavior. This is reasonable to expect, because
the initial stage of the quench is primarily governed by the
temperature rise in YBCO. At first, the normal metal layer just
increases the thermal mass of the system, which means that
more energy is required to increase the temperature [24]. This
is seen as higher MQE values.

4. Conclusions

In this work, we studied the differences in the quench char-
acteristics between APC-free YBCO and BZO-doped YBCO.
Our studies revealed that the NZPV values did not have large
differences, but the MQEs required to quench the samples
were lower in the BZO-doped sample. This difference was

concluded to originate from the different flux pinning prop-
erties of the samples.

In comparison of our results with those of the literature, we
noted that the NZPV behavior was different compared to the
YBCO coated conductors. It was realized that the heat dissipa-
tion mechanisms that dominate the propagation of the normal
zone are different in our samples compared to coated conduct-
ors. This was explained by the lack of conductive metal layer
in contact with YBCO. This work provided deeper insight into
the quench characteristics of YBCO, despite coated conduct-
ors being primarily used in practical applications.
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