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Abstract

®

CrossMark

K-doped BaAs;Fe; (K-Bal22) superconductor is a promising material for applications.
However, it has been found challenging to achieve high critical current density (J.) in untextured
bulk sample. In this paper we investigated bulk samples prepared by varying the milling energy
density, which affects the grain and grain boundary microstructures, and we investigated their
magnetic performance to better understand what causes their different J.. We found that in our
samples, which all have small grain size, T, does not appear directly correlated to J.. Moreover,
AC susceptibility reveals in at least one case obvious signs of multiscale supercurrents, not
caused by granularity but that directly influence the overall J. performance. Considering the
microstructural features and the magnetization response we ascribed the J, differences to lack of
connectivity on a larger scale due to nano-cracks at some grain boundaries, which subdivided
the samples into macroscopic regions and inevitably limited the overall performance. We
discuss possible routes to overcome those extrinsic current-blocking defects.

Keywords: Fe-based superconductors, K-doped BaAs;Fe,, critical current density,

AC susceptibility, transmission electron microscopy

1. Introduction

Fe-based superconductors (FBSs) were first discovered in
2006 [1, 2] and soon after several different compounds and
families were found [3-6] reaching a maximum critical tem-
perature, 7., at ambient pressure of 55 K [7]. FBSs are of
interest for applications not only because of their moderately
high T,, but also due to their high upper critical field, H,,
[8-11], which enable applications in high-field, such as fusion
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the title of the work, journal citation and DOI.

and accelerator magnets. Within the FBSs, the family that
attracts most of the attention from an application prospective
is the ‘122’ phase with AEFe,As, as the parent compound (AE
being an alkaline-earth metal like Ba or Sr). Superconductivity
can be induced by several chemical substitutions, like Co on
the Fe site [12], K on the AE site [3] or the isovalent P substitu-
tion on the As site [13]. The Ba; K, Fe,As; phase (K-Bal22)
is of particular interest because it has the highest 7. in the 122
family and, despite the lower 7, with respect to the ‘1111’
REFeAsO-type (RE being a rare-earth element) family, all
122 compounds have low anisotropy [9, 10, 14, 15], a highly
desirable attribute to avoid incurring intrinsic grain boundary
(GB) limitations. A recent bicrystal study demonstrated that
K-Bal22 has better GB transparency than cuprates [16], mak-
ing high critical current density potentially achievable also
in polycrystalline samples. The implications are that wires

© 2025 The Author(s). Published by IOP Publishing Ltd
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and tapes can be realized by the simple powder-in-tube (PIT)
method [17-22]. Although FBS coated conductors have also
been realized reaching high J, thanks to the biaxial texturing
[23-27], their shape factor and fabrication cost are drawbacks,
making PIT a better performance/cost compromise. For the
realization of magnets, untextured K-Bal22 round wires are
in general preferable to tapes, but the partially textured tapes
typically have higher J. [17]. These values are however still far
from J, obtained in single crystals [28—30] or the remarkably
high J. of films [31, 32], where the cause of the ameliorated
J. performance was identified in pinning effects induced by
low-angle grain boundaries.

To understand what limits the properties in polycrystalline
materials, several studies investigated whether the GBs are
intrinsically blocking current. Our works have been focused on
the bulk samples because it is preferable for the investigation
of GB transparency in randomly oriented samples. Moreover,
the processing can be similar to the preparation of powders
for wires and tapes, typically mixing of the components by
using ball-milling followed by a sintering heat treatment (HT).
It was previously observed that secondary phases can still be
present at GBs forming extrinsic current blockers [33, 34],
which however can be eliminated by improving the mater-
ial processing. Despite the improvement made by removing
those secondary phases [35, 36], the J. performance in bulk
samples is not yet as high as in tapes, which have the advant-
ages of partial texturing. The previously mentioned bicrystal
study, which reported a J.(12 K, 1 T) across a 24° misorient-
ation GB exceeding 0.1 MA cm~? [16], does not explain the
underwhelming performance of bulks. To address this, here we
investigated the microstructural and electromagnetic proper-
ties of K-Bal22 bulk samples. It was previously demonstrated
by Tokuta et al [37] that the microstructure and superconduct-
ivity properties of Co-doped Ba-122 can be significantly modi-
fied by changing the milling energy density. Here we followed
a similar approach by changing the milling energy density for
the first HT of our K-Ba122 samples. Specifically, we used AC
susceptibility, which is very effective in granular samples for
separating between the intra-grain and INTER-grain contribu-
tions. The former arises from current within individual grains,
while the latter is determined by current crossing the GBs. In
fact, AC susceptibility has been employed to investigate gran-
ularity in both polycrystalline HTS samples [38—42] and poly-
crystalline FBSs, like for instance in the ‘11’ (FeSe;_,Te,)
and 1111 phases [43—45], as this technique reveals double
X1 transitions and two x|’ peaks corresponding to the intra-
and INTER-grain contributions. The intra-grain contribution
is associated with the highest temperature features and the
intra-grain x|’ peak is always smaller than the INTER-grain
peak [46]. This is an important detail to keep in mind for the
correct interpretation of the results presented here for our K-
Bal22 samples. In fact, our results lead to a quite different
scenario compared with typical granular behavior.

2. Experimental
The K-doped Bal22 polycrystalline samples were made with

a nominal composition of Bag¢Kg4Fe,As,. The high purity
precursors are mixed in the stoichiometric ratio (purities:

2

99.99% crystalline dendritic solid Ba pieces, 99.95% K paste,
299.99% Fe powders and >99.99999% As powders) in a
high-performance glovebox (O, level < 0.005 ppm and H,O
level <0.06 ppm). We employed 2 ball millings and 2 HT's pro-
cedure for the sample preparation and synthesis [35]. The three
samples differ in their first milling energy density (Egy) that
was varied between 65, 100 and 200 MJ kg_l, calculated as
in [37, 47]. The mixed powders were then welded in Nb/steel
crucibles, densified in a cold isostatic press, and received a first
HT at 750 °C for 10 h in ambient pressure. 750 °C was chosen
because it was previously found to produce the best samples
[35, 48]. The three heat-treated samples were then ball milled
(Egm = 40 MJ kg—'), the powders were resealed in a cru-
cible and received a second HT at 600 °C/10 h at 193 MPa in
the hot isostatic press (HIP). The second milling and HT were
identical for the three samples. After the second HT, Rietveld
analysis confirmed a nearly optimal doping with 38%—39%
of K. These samples were selected from a wider systematic
study because of their interesting properties [49]. Below we
refer to these samples by their first milling energy density and
by their high-field J, ranking as summarized in table 1 (e.g.
65-Medium-J. is the sample prepared at 65 MJ kg~' and has
the intermediate high-field J).

The fully heat-treated samples were extracted from the cru-
cible, cut into bars and polished into a well-defined paral-
lelepipedal shape for magnetic characterizations. Hysteresis
loops were performed in a 14 T Oxford Vibrating Sample
Magnetometer and the magnetic J.(4.2 K) was estimated by
the Bean critical state model. AC susceptibility was performed
in a Quantum Design 9 T-PPMS applying AC field, H,., with
amplitude variation from 0.01 mT to 1.5 mT and frequency
from 13 to 757 Hz (most characterizations were performed at
73 Hz). The background DC field, Hpc, was increased up to
9 T. The first harmonic x| was properly calculated using the
sample size and demagnetization factor [39, 50].

A JEOL ARM200cF was used to perform bright field trans-
mission electron microscopy (BF TEM) and high-angle annu-
lar dark-field scanning TEM (HAADF STEM) imaging as
well as chemical analysis by energy dispersive x-ray spectro-
scopy (EDS). The samples for TEM/STEM were prepared by
focused ion beam in a Thermo Fisher FEI Helios G4 UC scan-
ning electron microscope.

3. Results

3.1 Magnetization J¢

Figure 1 shows the J.(H) curves for the three samples. We
found that the sample prepared with a milling energy of
100 MJ kg ! has the largest J, over the entire field range with a
self-field J, of about 2 x 10° A cm~2 and reaching a J.(10 T)
of about 1.4 x 10* A cm™2. The 65 MJ kg~! sample is the
second best across most of the field range but exhibits a double
cross-over with the 200 MJ kg~! sample at 0.5-1 T shown in
the inset of figure 1. Its J. shows a sharp decline for applied
field up to 1 T, followed by a rather weak field dependence
at higher fields. J. of the 200 MJ kg~! sample is inferior in
both low and high fields. Based on their J. performance at
high-field, these samples will be referred as ‘100-Higher-J,’
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Table 1. Sample names, milling energy density Egwm for the first milling, critical current density J. at 4.2 K and different magnetic field for

the three fully heat-treated K-doped Bal22 samples.

Esm J.(0.25 T,4.2 K) J(0.5 T,42K) JA(1T42K) J(10 T42 K)
Sample name MJ kg™t Acm™? Acm™2 Acm™2 Acm™2
65-Medium-J, 65 6.59 x 10* 3.73 x 10* 2.36 x 10* 7.3 x 10°
100-Higher-J. 100 1.94 x 10° 1.39 x 10° 7.93 x 10* 1.38 x 10*
200-Lower-J. 200 533 x 10* 3.84 x 10* 2.35 x 10* 3.1 x 10
T T T T T T I T
e 55-Medium-J, | —s— —o— 65-Medium-J, (ﬁi’
. . o
10° 4 =100-Higher-J.{ . 0.24—e— —o— 100-Higher-J, Fl ]
] ) M
Egy =100 MJ/kg [T 200HOWerk ]y = | a & 200-Lower-J,
~ 0.0 A o
Ng 10 3 MJlkg Teinwa = 37.237.6 38.0K =
=~ 4 | e ]
< éﬂﬁﬂ \ A Y o SIE
£ x10* 200 MJTR | Ppon % o=
10° a0 E | e 4 =
345/ [ I ]
10t 65 MJ/kg 4360 / f
136.5K |
200 MJ/kg -0.4 S =T ] -
102 05 10 15 20 : : : l0.005{ | CINTER| /
o 2 4 6 8 10 12 ¢
HoH (T)
Figure 1. Field dependence of J.(4.2 K) for three K-Bal22 samples
prepared varying the first milling energy density (Egm). Jc is
estimated from hysteresis loops using the Bean model. In the inset a
magnification showing the double crossover of the curves for the 65 _
and 200 MJ kg~! samples.
for the 100 MJ kg’l, ‘65-Medium-J,.’ for the 65 MJ kg’l, 10 poH,e = 1TmT
“200-Lower-J,.’ for the 200 MJ kg~!. Table 1 summarizes the o 2'0 i 2'5 ' 3'0 3'_5 '

sample names, the main synthesis differences and their in-field
J. performance.

3.2. AC susceptibility and irreversibility lines

Figure 2 reports an example of the AC susceptibility meas-
ured at poH,. = 1 mT and zero DC field for the three samples.
At first glance we can observe sharp diamagnetic transitions
in x{ for both the 200-Lower-J. and 100-Higher-J, samples
but the former clearly has a much lower 7, than the other
two samples. The 65-Medium-J, sample appears to have the
highest onset but with a much broader transition. The dis-
sipative |’ peaks reveal clear differences in their shapes.
100-Higher-J,. shows the sharpest peak, followed by the 200-
Lower-J., whose peak however is at much lower temperature,
and then 65-Medium-J,, which reveals a clear long, extended
low-temperature tail. As highlighted in the figure 2 inset, a
closer inspection near the onset of x| reveals that the 7, onset
is actually noticeably higher in temperature than the onsets of
the sharp diamagnetic drops, although it produces a very small
signal. We interpreted the first deviation from the normal state
as the T, onset of the highest temperature grains, attributed to
intra-grain shielding (denoted as T jna). In contrast, the onset

Temperature (K)

Figure 2. AC susceptibility measured at zero DC field and
toHae = 1 mT (f = 211 Hz) for the three K-Bal22 samples. In the
inset a magnification of the region near the transition onset.

of the sharp diamagnetic drops is associated with the onset of
bulk superconductivity, derived from inter-grain shielding cur-
rent (T, inter). The T jnra values are relatively similar in the
samples, varying from a maximum of 38.0 K in 65-Medium-
J¢, t0 37.6 K in 100-Higher-J,, and 37.2 K in 200-Lower-J.. It
should be pointed out that such a high 7, onset (correspond-
ing to T¢inwa) is never detected by DC magnetization in our
samples after the second milling and HT (although it is detec-
ted after the first HT). The difficulty in detecting the intra-
grain T, is presumably caused by the small grain size, signific-
antly smaller than the penetration depth (A, ~ 200-250 nm)
[48]. The second onsets, T, NnTER, are at 36.5 K and 36.0 K
for the 65-Medium and 100-Higher-J, samples, respectively.
T, nteR of the 200-Lower-J,. sample is obviously suppressed
to 34.5 K. Table 2 summarizes these results as well as the dif-
ference between the INTER- and intra-grain 7.
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Table 2. INTER- and intra-grain T and their separation for the
three K-doped Bal22 samples. The T jnra and T NTER are
evaluated as explained in the text.

Sample name T.~nter K Tejnwa K T¢ jinwa -TenTER K
65-Medium-J, 36.5 38.0 1.5
100-Higher-J. 36 37.6 1.6
200-Lower-J. 34.5 37.2 2.7

100-Higher-J,,

20 25 30 35
Temperature (K)

-1.0 T T T T

Figure 3. AC susceptibility for the 100-Higher-J. K-Bal22 sample
measured with zero DC field and pioHac from 0.1 to 1.5 mT

(f = 73 Hz). In the inset a magnification of the x’ peaks shows the
sharpening of the peaks with decreasing H,c amplitude.

To better examine the nature of these transitions, the
samples were measured by applying AC field poH,c in the
0.01-1.5 mT range (for 100-Higher-J,, the poH,. range was
0.1-1.5 mT). 100-Higher-J., shown in figure 3, and 200-
Lower-J, did not exhibit any notable features, showing only
the typical narrowing of transitions and peaks as the AC amp-
litude was decreased. On the other hand, figure 4 shows that,
in 65-Medium-J, sample, the long low-temperature x’ tail
gradually develops into a distinct secondary peak as the AC
amplitude decreases.

Such a double-peak feature for 65-Medium-J, is not limited
only to the zero DC field data. Figure 5 compares AC suscept-
ibility of this sample up to poHpc = 9 T with poH,e of 1, 0.1
and 0.01 mT, respectively. With poH,. = 1 mT, there is only

vvvvvv000° nugii
-0.4 0000000 unn”uoo'gﬂqd W J
|00 -5%3533 =0 / ’g#n
3 0.01 mT J¥

2" peak v | T:

-0.8 H

65-Medium-J,
-1.0 T T T T T T T T

20 25 30 35
Temperature (K)

Figure 4. AC susceptibility for the 65-Medium-J. K-Bal22 sample
measured with zero DC field and pioHae from 0.01 to 1.5 mT

(f = 73 Hz). In the inset a magnification of the |’ peaks reveals
the appearance of a secondary peak with decreasing H,. amplitude.

one broad feature at all uoHpc (figure 5(a)), but with decreas-
ing poHye to 0.1 and 0.01 mT, the double x|’ peaks and double
X1 transitions become more apparent as the DC field increases
(figures 5(b) and (c)). Notably, at each DC field, the highest-
temperature peak and transition of y; are sharper and more
pronounced than the lowest-temperature features.

Figure 6 shows a direct comparison of the AC susceptibility
at different DC field for the three samples, clearly demonstrat-
ing the different nature of the x transitions and x|’ peaks in
65-Medium-J, compared with the others.

By monitoring the shift of the x|’ peak positions as a func-
tion of the H,. amplitude and taking into account that J,. is
proportional to H,., we can determine the irreversibility lines
(defined by the condition J. = 0) as the limit of the peak
position for H,, — 0 [51, 52]. A single irreversibility line
can be derived for 100-Higher-J. and 200-Lower-J., which
exhibit single x{’ peaks. For 65-Medium-J. sample, where
a second peak becomes visible at low H,. amplitude, two
irreversibility lines can be determined. The obtained irrevers-
ibility lines are shown in figure 7. Both 100-Higher-J. and
200-Lower-J, have single irreversibility lines that smoothly
increase with decreasing temperature, but they show substan-
tial separation reaching ~4.5 K at 9 T. On the other hand,
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T T T T T T T T T T
| 1gHae=0.01 mT 081002

= 0.02}
= 0.2 J/ E

0.0 4
65-Medium-J_

-1.0 T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 30 3% 5 10 15 20 25 30 3% 5 10 15 20 25 30 35

Temperature (K) Temperature (K) Temperature (K)

Figure 5. AC susceptibility for the 65-Medium-J. K-Bal22 sample measured with poHpc up to 9 T and with poHae decreasing from (a)
1 mT to (b) 0.1 mT, to (c) 0.01 mT (f = 73 Hz). In the insets a magnification of some of the x{’ curves reveals the presence of two peaks at
the two lowest H,. amplitudes.

. o2 HoHpe=05T

T T

X1

0.0 4

—=— —=— 65-Medium-J,,
. o— 100-Higher-J,
| —a——2—200-Lower-J,

=10+ T T T T T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35 5 10 15 20 25 30 35
Temperature (K) Temperature (K) Temperature (K)

Figure 6. AC susceptibility measured at selected poHpc fields of the three K-Bal22 samples showing a marked difference in
65-Medium-J; (tioHae = 0.1 mT, f = 73 Hz).

the two lines of 65-Medium-J.. exhibit rather different charac- 3.3. Microstructural characterization by TEM

teristics. The lower-temperature irreversibility line, which is

determined by the small, lower-temperature x{’ peak, shows S/TEM characterizations also revealed markedly different
the lowest trace at DC field up to 1-2 T with a strong field microstructure of grains and grain boundaries in these K-
dependence, but drastically up-turns above 2 T and becomes Bal22 samples. As shown in figure 8, all samples show ran-
the least field dependent irreversibility line (highest slope). domly oriented equiaxed grains with high angle grain bound-
The higher-temperature irreversibility line of 65-Medium-J., aries. However, as the milling energy density increases from
associated with the highest peak, has the best overall trend 65 to 100 and then to 200 MJ kg~!, the average grain size
among all lines in figure 7. systematically decreases from 128 4+ 28 nm to 105 £ 17 nm,
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10 T T T T T T T T T T T T T T T
—A—---A--- 65-Medium-J
A |—e—100-Higher-J,
8 - L \—=—200-Lower-J,
p— 6 .
=
3
X 44
2-
0-+—

22 24 26 28 30 32 34 36
T(K)
Figure 7. Irreversibility lines determined from the analysis of the AC susceptibility for the three K-Bal22 samples. The double peaks
present in 65-Medium-J. yield two lines (see Discussion). Note that 65-Medium-J. and 200-Lower-J. were measured with poHac in the

1.5-0.01 mT range, whereas 100-Higher-J. was measured from 1.5 to 0.1 mT possibly causing a minor underestimation of its irreversibility
line (e.g. underestimated by ~0.25 K at 9 T).

65 MJ/kg, Medium J_

100 MJ/kg, Higher J_ , 200 MJ/kg, Lower J,

ut‘

&

Figure 8. (top) BF- and (bottom) HAADF-STEM microstructures of (a), (b) 65-Medium-J., (c), (d) 100-Higher-J. and (e—f) 200-Lower-J.
samples. The top images reveal a clear reduction of grain size with increasing milling energy. In the bottom images, some of the voids are
indicated by vertical black arrows, secondary phase areas by horizontal orange arrows and nano-cracks by magenta arrows tilted in the
direction of the crack.

to 70 = 9 nm, respectively. The sample prepared with the and secondary phases, mostly Ba-O at the triple junctions of
smallest milling energy (65-Medium-J. in figures 8(a) and grain boundaries that appear as black or darker contrast in
(b)) also exhibits many large nano-voids 30-50 nm in size, HAADF-STEM (figure 8(b)). In figure 8(b), some GBs show
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thin traces of dark HAADF contrast as well. On the other hand,
the samples that underwent the intermediate (100-Higher-J,
in figures 8(c) and (d)) and the highest-energy milling (200-
Lower-J, in figures 8(e) and (f)) clearly have lesser amounts
of secondary phases at the GB junctions. However, many GB
junctions still have small nano-voids 10-30 nm in size, and the
dark Z-contrast is also still visible along some GBs. Our recent
study of the same samples indicated that such HAADF dark
traces along GBs are low-density areas caused by GB nano-
cracks, as no composition deviation was detected by TEM-
EDS line-scans across GBs [53].

3.4. Sample degradation revealed by AC susceptibility

Following the initial measurements of 100-Higher-J. (per-
formed prior to 65-Medium-J.), we decided to perform fur-
ther AC susceptibility characterizations at lower H,. amplitude
on the 100-Higher-J, sample. In the time lapse between the
two runs of measurements, the sample was stored in the high-
performance glove box [35], so as to minimize exposing the
sample to ambient air, and its surface was mildly polished
before the second run to remove possible reaction layer on
the surface of the sample. To determine whether the sample
properties were unchanged, we first measured it in the same
conditions as the first run but, as shown in figure 9, we found
notable differences in AC susceptibility between the two runs.
In fact, the two AC susceptibility measurements (poHye = 0.1
mT and no DC field) reveal that the originally sharp trans-
ition and peak transformed into a rather broad x{ transition
and a double ;' peak with an extended low-temperature tail.
Despite these changes, the position of the highest-temperature
X' peak remains unaltered.

4. Discussion

The different field dependences of the magnetization J,
(figure 1) gives us some insights about the differences in super-
conducting properties between samples. Despite their notable
J. difference, 100-Higher-J. and 200-Lower-J, have similar
low-field J, trends. On the other hand, the sharp decline at
low field for 65-Medium-J, is typically recognized as a sign
of GB weak-links. The double cross-over with 200-Lower-J..
at 0.5—-1 T emphasized the sharp change in field dependence.
In fact, in the case of 65-Medium-J,, the field dependence is
the strongest at low-field but the weakest at high field when
compared to the other two samples. Also, at higher fields, 200-
Lower-J,. clearly exhibits the weakest in-field J. performance
compared to the other two samples.

As previously mentioned, AC susceptibility is generally
useful to evaluate sample granularity. However, our present
results suggest a quite different scenario. Unlike typical gran-
ular materials that exhibit a clear separation between intra- and
INTER-grain contributions [38—45], in our K-Bal22 samples
the features associated with the intra-grain component are

oAy
{0.00 S B rnITm

2.064—=——=— 100-Higher-J, i i
. ° Degraded 100-Higher-J| | |
THoHpe =0 mT ; *
o8- l/i '
_ry
-1.0 T T T T T T
20 25 30 35

Temperature (K)

Figure 9. AC susceptibility measured with zero DC field and
poHae = 0.1 mT (f = 73 Hz) of the original 100 MJ kg~' sample
(black data) and of the same sample after degradation (red data)
showing in the latter a significant broadening of the | transition
and the appearance of a double x{’ peak with a long
low-temperature tail.

rather small (figure 2 and table 2) and do not show a cor-
respondent intra-grain x|’ peak. These features reveal lim-
ited sample-to-sample difference in the T, . onset (37.2—
38.0 K) whose value is compatible with single crystals and
large-grain polycrystalline samples [3, 36, 54, 55]. However,
the small intra-grain signal is not necessarily a sign of good
connectivity, because the grain size in all these samples is
smaller than the penetration depth, making detection of the
intra-grain signal very hard [48]. In contrast, the onset of the
sharp INTER-grain diamagnetic signal reveals clear sample-
to-sample variation (34.5-36.5 K) with 200-Lower-J, showing
notably inferior performance. Interestingly, the best INTER-
and intra-grain 7, onsets are measured in 65-Medium-J, but
they are not sufficient to generate high J. because of the broad
INTER-grain 7, transition.

The secondary x|’ peak in 65-Medium-J,, which appears
as the AC field decreases, raises the question of whether those
features (and not those described in the previous paragraph)
could be ascribed to the intra-/INTER-grain contributions.
However, as mentioned earlier, previous studies showed that,
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Connected sample Granular sample Superficial GB degradation Segmented sample

(a) (b) (cl)

Figure 10. Schematics of possible scenarios for polycrystalline
samples: (a) Connected sample, with clean and connected GBs; (b)
Granular sample, with compromised GBs resulting into
disconnected grains (represented by orange areas); (c) Superficial
GB degradation, where the compromised GBs are present near the
sample surface; (d) Subdivided sample, where the compromised
GBs could also involve GBs across the sample subdividing it into
several macroscopic areas, which are well-connected in their
centers. In (c) the red, blue, and black thick lines represent the field
penetration in the sample with decreasing field amplitude.

in granular polycrystalline YBa,Cu30, and FeSeys5Tegs [38,
45, 46], the lower-temperature INTER-grain peak is typically
the most prominent and its amplitude is largely unaffected by
H,. In our sample, the predominant x|’ peak is at the highest
temperature indicating that it has to be associated with the
INTER-grain contribution.

To better understand what causes the secondary low-
temperature ;' peak, we need to consider different scen-
arios related to the nature of the superconducting sample.
Figure 10 schematically illustrates a few examples: (a) a fully
connected sample with GBs that do not block current with a
single INTER-grain peak, (b) a granular sample whose GBs
are fully compromised and block current (current-blocking
GBs are marked by orange highlights), which would gener-
ate a single INTER-grain peak (and, if detectable, a small
intra-grain peak at higher temperature), (c) a scenario where
compromised GBs are more prevalent near the sample sur-
face, leaving the center of the sample well-connected, which
would lead to two INTER-grain peaks determined by differ-
ent levels of connectivity and (d) a scenario where comprom-
ised GBs subdivide the sample into macroscopic but separ-
ated areas that are still internally well-connected, leading again
to two INTER-grain peaks (one due to the entire sample and
one due to sub-divided parts). The secondary x{’ peak emer-
ging at low H,. amplitude (figure 4) is most likely associated
to the third (c) or the fourth (d) scenario with two INTER-
grain contributions. In fact, the field penetration represented
in figure 10(c) shows that with a large H,. amplitude the well-
connected sample interior is exposed to large field producing
a dominant signal. Differently, with decreasing H,., the amp-
litude of the field on the sample interior is smaller producing
a smaller signal, substantially making the measurement more
sensitive to the properties of the sample surface and allowing
the detection of the weaker surface signal. When this superfi-
cial region has obviously different properties with respect to
the sample interior, x{’ reveals separate features. The fourth
scenario (d) could produce a similar two-contribution feature

because of the easy field penetration into the regions subdivid-
ing the sample, which would behave similarly to the sample
surface as described in scenario (c). Applying high DC field,
these features become even more separated (figure 5) leading
to the two irreversibility lines for the 65-Medium-J,. sample.
The importance of these two lines needs further discussion.

Figure 7 shows that 100-Higher-J, appears well-connected,
but its irreversibility line is not optimal. 200-Lower-J, sample
appears reasonably connected as well but its irreversibility
line shows a rather strong field-dependence, suggesting that
the extended milling might be detrimental for the K-Bal22
properties. On the other hand, the 65-Medium-J,. has some
connectivity and/or homogeneity issues. Its lower-temperature
line (solid blue triangles in figure 7) has a sharp up-turn
between 1 and 2 T, a feature frequently associated with weak-
link behavior. However, at low temperature and high DC field,
this irreversibility line falls between the lines of the 200-
Lower-J, and the 100-Higher-J,. samples, suggesting that it is
indeed this line that determines the overall low-temperature
J. performance of 65-Medium-J, (see figure 1). The higher-
temperature irreversibility line of 65-Medium-J,. (half blue
triangles in figure 7) is, on the other hand, the highest-
temperature curve, implying that there is a part of the sample
with much better properties than those determining the lower-
temperature irreversibility line, and also better than in 100-
Higher-J... This better part of the sample has to be much larger
than the grains but smaller than the entire bulk sample. This
high-temperature irreversibility line also implies that, in gen-
eral, better performance in K-Bal22 bulk samples is achiev-
able if we can identify what prevents their development on a
macroscopic scale.

The hypothesis that the secondary peak originates from
either superficial compromised GBs or the macroscopic sub-
division of sample seems to be consistent with the unex-
pected property changes of 100-Higher-J. when remeasured
(figure 9). In fact, the sample clearly suffered from some kind
of degradation, resulting in AC susceptibility features similar
to those in the pristine 65-Medium-J,. sample.

The possible cause of the sample-to-sample differences can
be found in their microstructures (figure 8). With increasing
milling energy, the nano-voids progressively decrease in num-
ber and size, resulting in an increase of sample density. This
microstructural difference is plausibly related to the particle
sizes in the powder before the second HT: for 65-Medium-
J., the low milling energy leaves larger particles preventing
an effective HIP densification. This large-void microstructure
likely facilitates the sample subdivision or possibly, since the
void network most likely reaches the sample surface, could
make this sample more susceptible to degradation with short
exposure. The observed decrease of secondary phases with
increasing Egy; above 65 MJ kg~! is likely due to improved
powder mixing, which results in a more homogeneous and
more complete reaction into the main K-Bal22 phase pre-
venting the formation of large quantities of secondary phases.
100-Higher-J. originally had very sharp transitions making
it the most homogeneous and the most well-connected. The
appearance of the secondary features when 100-Higher-J, was
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remeasured could be caused by some degradation occurring
because of increased exposure to air, but it could also be
due to the additional thermal stress during the second cool-
ing down to cryogenic temperature causing the nano-cracks to
expand. In fact, in some cases, we did notice samples being
hard solids when installed in the PPMS but partially fractured
when taken out after being measured. Since nano-cracks do not
cause compositional variation, the increased density of cracks
can hardly be observed by conventional microscopes, thus new
techniques will have to be developed [56]. A possible thin
reaction layer due to exposure, which could cause local vari-
ation of composition, would require the resolution that only
atom probe tomography can provide, but only on sophisticated
specimens made of few grains.

These nano-cracks at GBs are clearly detrimental for the
overall performance because they reduce the sample effective
cross-section. We will have to identify the origin of their form-
ations and find a strategy to prevent them. We presently sus-
pect two possible causes: the large stress the samples undergo
when the pressure and temperature are reduced in the HIP, or
when the crucible is cut and opened to extract the K-Bal22
phase. In the first case, a more controlled and gradual temper-
ature reduction and pressure release could be beneficial. The
second case would probably require producing samples that
would not need to be removed from the external metal con-
tainer, either by making wires with a hard sheath [20] or by
making large bulk samples with reinforcing rings [57].

Regarding the synthesis process, certainly of interest would
be further optimization, including investigation of the per-
formance of samples prepared with a wider range of milling
energy densities or by varying other synthesis parameters. But
the primary goal of this paper is to highlight the connectivity
issues in polycrystalline K-Ba122 that can be difficult to detect
by standard characterizations, but can be detected analyzing
AC susceptibility measurements, a technique that is currently
underutilized but has the great potential to reveal hidden fea-
tures such as connectivity.

5. Conclusions

In this work we systematically investigated the temperature
and field dependence of the AC susceptibility of three small-
grain-size polycrystalline K-doped Bal22 samples prepared
by varying the milling energy density (65-200 MJ kg~!) in
the first stage of a two-stage preparation and synthesis process
and maintaining all other parameters unaltered. The result-
ing samples had obviously different critical current perform-
ance, with the best J. achieved at the intermediate milling
(100 MJ kg—'), and different microstructures. In fact, the
microstructures go from a porous sample with large nano-
voids and secondary phases (possibly caused by limited mix-
ing) at 65 MJ kg~!, to samples with a few small nano-
voids but with visible nano-cracks at grain boundaries at 100—
200 MJ kg~!. We also observed that the grain size progress-
ively decreased with increasing milling energy.

The AC susceptibility analysis was able to identify a relat-
ively high intra-grain 7, onset, compatible with single crys-
tals and large-grain polycrystalline samples but generating
a barely detectable diamagnetic signal. The main diamag-
netic INTER-grain onset is instead found at lower temperat-
ure (34.5-36.5 K). Both intra- and INTER-grain onsets sys-
tematically decrease with increasing milling energy density,
possibly because of the decreasing grain size. Apart from the
T, difference, we noticed a much broader x{ transition and
x|’ peak for the 65 MJ kg~! sample. To compare the irre-
versibility lines of our samples we investigated the H,. amp-
litude dependence in DC field up to 9 T. Differently from the
other samples, this revealed markedly different properties in
the 65 MJ kg~ case with the appearance of secondary peaks
on the low-temperature side of the x|’ peak and with the devel-
opment of a double i transition. This was associated with
the presence of compromised GBs near the sample surface
leaving the center well-connected or to compromised GBs
that subdivide the sample into macroscopic areas still well-
connected in their centers. Because of the x|’ peak splitting,
two irreversibility lines were determined for the 65 MJ kg™!
sample, whereas only one each was determined for the 100 and
200 MJ kg—' samples. Interestingly, the comparison between
the irreversibility lines and J,. suggested that it is the worst
65 MJ kg~ irreversibility line that determines its J, perform-
ance, making the sample subdivision the most likely scenario.
It is important to notice that the best J.-performing sample
(100 MJ kg~') has an irreversibility line slightly inferior to the
highest-temperature line of the 65 MJ kg~! sample, associated
with the well-connected portion of this sample. This implies
that further improvement of performance can be achieved.
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