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Abstract

®

CrossMark

We present results of the first application of the transmission Kikuchi diffraction (TKD)

technique to bulk, infiltration growth (IG)-processed YBa,Cu3;0;_s (YBCO) superconductors
with embedded Y,BaCuOs(Y-211) nanoparticles. By means of focused ion-beam (FIB) milling,
TEM slices were prepared from mechanically polished surfaces of bulk, IG-processed YBCO
samples. The required optical transparency was reached by additional polishing the resulting
surfaces using the FIB and Ar-ion milling. For TKD, the sample was mounted on a homebuilt
sample holder in the SEM, which provides the required inclination for TKD. The improved
spatial resolution of TKD enabled the investigation of the small Y-211 particles (diameter of
about 60-210 nm) embedded in the superconducting YBCO matrix. The fabricated TEM slices
further enable the application of transmission electron microscopy to the same sample sections.
These tiny Y-211 particles embedded within the YBCO matrix are, together with their strain
fields, directly responsible for the high irreversibility fields due to the effective flux pinning of
the IG-processed samples.

Keywords: YBCO, EBSD, infiltration growth, microstructure

(Some figures may appear in colour only in the online journal)

1. Introduction

For the growth of single-crystalline, bulk superconductor
samples of YBa,Cu30,(YBCO or Y-123), the melt-texturing
technique was developed using a seed crystal on top of the
bulk, pressed from precursor powder material [1]. This so-
called melt-texture, melt-growth (MTMG) technique and its
derivates can produce well-textured superconductor samples
with well developed critical current densities, j., to be applied
for magnetic bearings or trapped field (TF) magnets (‘super-
magnets’). The record values achieved for the TFs are 17.6 T
at 26 K and 17.2 T at 29 K [2, 3]. The improvement of the
sample microstructures to obtain an homogeneous

0953-2048,/20,/034010+-09$33.00

distribution of small-sized (ideally r ~ 2¢ with £ being the
Cooper pair diameter [4]) pinning centres from the secondary
phase Y,BaCuOs(Y-211) is still a central issue for research
on these materials. However, there is another drawback of the
MTMG approach: the uncontrolled shrinkage of the original
pellet [5]. Due to these problems, another approach was
introduced as early as 1991 [6-10]; the so-called infiltration
growth (IG) technique. Here, a Y-211 precursor pellet is
formed which is then used as a base material together with a
liquid source and a seed crystal. As result, there is no
shrinkage effect, and it becomes possible to design the shape
of the superconductor sample. In the recent years, the 1G-
technique got several improvements as reviewed in [11], but
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Figure 1. Schematic drawings of conventional EBSD (a) and TKD (b). Also indicated are the sample inclination angles required for EBSD
imaging. (c) Presents SEM views of the ready TEM slice fixed on the micromanipulator—the surface for analysis (top) and the cross-section
(bottom). The crystallographic orientation is also indicated. Finally, (d) shows the home-built TEM slice holder for TKD imaging mounted in

the SEM chamber.

the investigations of the physical properties of the IG-pro-
cessed bulks in the literature have revealed that the resulting
irreversibility fields, H;., are very large, but the j.-values have
not yet reached the ones of the MTMG-samples. A recent
work could, however, demonstrate a record TF value of
143 T at 28 K [12].

Therefore, it is an essential issue to investigate and
understand the specific microstructure of the IG-processed
YBCO samples in detail. To perform microscopic imaging of
the embedded flux pinning sites in the nanometre range, the
most modern techniques are required. The electron back-
scatter diffraction (EBSD) technique has proven to be a very
useful tool, mostly on metallic samples, and more recently,
also on various ceramic sample types [13—-16]. However, the
standard EBSD technique suffers from distinct problems like
charging effects, which hinder the observation of nanometre-
sized grains. Therefore, the transmission Kickuchi diffraction
(TKD) technique was very recently developed by several
authors [17-19] with the goal to improve the spatial resolu-
tion of EBSD on such materials. The arrangement of the
electron beam and the sample for standard EBSD and TKD is
illustrated in figures 1(a) and (b). As result, the spatial reso-
lution could be improved from several tens of nanometres to
~5-10 nm, depending on the material to be studied [20, 21].
Furthermore, the effects of charging in non-conducting sam-
ples are considerably reduced, which is a great advantage for
the investigation of various ceramic materials as well as
biomaterials [22]. This allowed already for TKD investiga-
tions on MgB, [23, 24] as well as YBCO [25].

2. Experimental procedures

2.1. Sample and surface preparation, TEM slices

The IG-processed samples were prepared as described in [26].
Samples with a diameter of 20 mm and a height of 8§ mm
using the IG process at various growth temperatures, i.e.
990 °C, 985 °C, 983 °C, 980 °C and 978 °C and a common
holding time of 25 h. The temperature programme was based
on thermogravimetric analysis. The samples were heated up at
a rate of 100°Ch™" to the temperature of 880 °C and kept
there for 15 min, again heated up in 0.5 h to the final reaction
temperature of 1040 °C and kept there for 50 min. Then, the
temperature was reduced in 60 min to 1000 °C, and further
slowly decreased by another 25 °C with a cooling rate of
0.3°Ch™". Finally, the temperature was reduced at a cooling
rate of 100 °Ch™! to 100 °C and then, the furnace was left to
cool down to room temperature. The melt-textured samples
were annealed at 450 °C for 150 h in flowing pure oxy-
gen gas.

The as-prepared pellets were cut 3 mm below the seed as
illustrated in figure 2(a). The resulting surfaces were
mechanically polished using SiO, grinding papers and dia-
mond paste, followed by a polishing step using OP-S col-
loidal solution (Struers) with 40 nm particles, and using only
ethanol as a lubricant [16]. Then, these sample surfaces were
investigated by SEM and EBSD (standard configuration) in
order to select the best-suited area for milling out a TEM
slice. The location of the area studied is also indicated in
figure 2(b), where also the growth sectors of the IG-sample
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Figure 2. Schematic sketch of the original IG-YBCO pellet
indicating the various growth sectors and the cut through the sample.
The resulting surface was polished mechanically. The top view gives
the final location where the TEM-slice was cut out. Finally, the
sketch of the TEM slice gives the resulting crystallographic
orientation of the investigated sample surface.

are indicated as well. The investigated sample area stems
from the c-axis growth sector below the seed, slightly off the
centre. Magnetisation data by SQUID magnetometry revealed
a critical current density of 1.75 x 10° Acm 2 at 77 K and
self-field, as well as an irreversibiliy field larger than 5.5 T at
77 K.

The TEM slices for the TKD measurements were pro-
duced by focused-ion beam (FIB) milling in a dual-beam FIB
workstation (FEI) using a routine allowing for reduced sur-
face damage. The polished sample surface is covered by Pt to
reduce the influence of charging effects. After lifting-off the
TEM slice from the sample with the micromanipulator, the
surface is ion-polished in a separate step by 2 keV Ga-ions to
a thickness of about 80 nm. This step serves to further reduce
the preparation damage of the surface area and for a further
thinning of the sample to be transparent to the electron beam.
Figure 1(c) presents a typical TEM slice after the completed
ion-beam thinning process in a surface view (upper image)
and its cross section (lower image). In figure 1(d), the TEM
slice is shown ready for TKD investigations in the SEM
chamber mounted on the sample holder for TKD. In figure 2,
the location of the selected area for FIB-milling is presented,
together with the final crystallographic orientation obtained
for the milled-out TEM slice. As the FIB-milling takes place
perpendicular to the original sample surface, all the following
TKD investigations are, therefore, performed on an (a, c)-
oriented surface of the original IG-YBCO sample.

2.2. Electron microscopy

Figures 1(a) and (b) give schematic drawings of the
arrangements for standard EBSD (=reflection mode) and

TKD (=transmission mode). The primary electron beam hits
the sample placed with an inclination towards the beam. After
entering the sample, an electron cone is formed due to Bragg
reflection at the crystal layers [27]. This electron cone is
intercepted by a phosphor screen, where the Kikuchi patterns
are recorded. TKD works with a transmitted electron beam,
and the cones are formed from emanating electrons on the
backside of the sample. Therefore, an electron-transparent
sample is required for TKD.

TEM investigations were performed using a JEOL JSM-
2011 transmission electron microscope operating at 200 kV
with a LaB¢ cathode. The EBSD analysis was performed in a
JEOL 7000F SEM microscope equipped with a TSL (Tex-
SEM Labs, UT [28]) analysis unit. The Kikuchi patterns were
generated at an acceleration voltage of 15kV, and were
recorded by means of a DigiView camera system. To produce
a crystallographic orientation map, the electron beam was
scanned over a selected surface area and the resulting Kikuchi
patterns were indexed and analysed automatically, represents
the common EBSD method working in reflection mode.
Automated EBSD scans were performed with a step size
down to 50 nm. For TKD, the TEM-slices were mounted in
the SEM on a specially fabricated sample holder allowing for
the correct 70° inclination of the sample required. The stage
with the sample holder is inclined to an angle of —20°, which
enables together with the sample mounting the same detector
position to be used for the EBSD detector as in the standard
configuration. Here, the electron beam is passing through the
sample (transmission mode) and the electron cones are
formed on the backside of the sample. The electron beam
operates at 30kV, and the working distance is set to 5 mm.
The TKD stepsize was 5Snm. An image of the entire
arrangement within the SEM chamber is presented in
figure 1(d). To improve the imaging quality even further, the
TEM slices were treated by additional low-angle (5°) argon
ion-polishing (5keV, 5 min). This process increases the
image quality (IQ) of the resulting Kikuchi patterns as
described in [29] for the investigation of ferrite samples, and
removes mainly adhered particles on the surface, so only a
minor surface layer of the slice is affected.

3. Results and discussion

Figure 3 shows various TKD mappings on the TEM slice
prepared. Figure 3(a) is a SEM image taken in EBSD-con-
ditions. The small IQ map shown in figure 3(a) is represented
in the same scale, indicating the position of the following
EBSD mappings. Figure 3(b) is a phase map with YBCO
drawn in red and Y-211 particles in green. Figure 3(c) is a
UGC map, which highlights the grains detected by EBSD
using different colours. A comparison with the phase map (b)
reveals directly that at many Y-211 grains also small grains of
YBCO are formed. Figure 3(d) is a map of the grain-shape
aspect ratio, which gives information on the shape of the
grains. Finally, figure 3(e) is an IQ map with the mis-
orientation boundaries highlighted in colour. The colour
codes for maps (d) and (e) are indicated in between the maps.
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Figure 3. TKD mappings. (a) Is a SEM image indicating the position of the following TKD mappings. (b) Is a phase map (YBCO—red,
Y-211—green), (c) is a UGC map, (d) is a map of the grain-shape aspect ratio, and (e) is a grey-scale IQ map with the misorientation

boundaries highlighted in colour ( 2°-15°, 20°-55°,
codes for maps (d) and (e) are indicated in between the maps.

In total, 4524 boundaries are detected (misorientation larger
than 2° is considered a boundary) with a total length of
104.5 pum. More details of the data obtained are discussed at
figure 6 below.

Figures 4(a) and (b) present the orientation mappings
(inverse pole figure or IPF maps) in the direction normal to
the sample surface (normal direction (ND) or [001]) for
YBCO (a) and Y-211 (b) separately. The respective other
phase is drawn in black. The colour code for the maps is
given in the stereographic triangle. Both phases are orthor-
hombic, and the ICDD datafiles no. #381433 and #752426
were employed for the indexation of YBCO and Y-211,
respectively. It is obvious that the YBCO matrix shows a
strong orientation, but also some distinct misorientations
mostly located closely to the Y-211 grains. In contrast to this,
the embedded Y-211 particles are more randomly oriented. In
figure 4(c), we show a rainbow-coloured 1Q map, together
with the contours of the Y-211 particles indicated in white.
The 1Q values obtained range between 488 and 1202, which
is quite high for a ceramic material. This mapping gives an
impression of the distribution of the IQs of the Kikuchi pat-
terns, and in a first approximation, an idea where the YBCO
matrix may be strained. Here, we see that the present map
shows the 1Q values around the Y-211 particles being dis-
tinctly smaller than those of the remaining YBCO matrix. In
previous publications, it was always speculated that the strain
field within the YBCO matrix caused by the Y-211 particles
may play an important role for the resulting flux pinning, so a
measurement of the residual strain in the YBCO matrix is an
important issue.

60°-75°,

80°-125° and 130° and above). The colour

Measuring the strain with EBSD is possible as discussed
in recent reviews [30-32], and a quantitative analysis is based
on an evaluation of the IQ data of the Kikuchi patterns. The
presence of strain clearly distorts the crystal lattice and thus,
the observed Kikuchi patterns are deteriorated, leading to a
reduction of the IQ values achieved. Therefore, the IQ map-
ping can give a first indication of the strain distribution within
the YBCO matrix. From the mapping (c), we note that the
areas of low IQ (blue) have a stripe-like character, and the
Y-211 particles are arranged within these stripes. Areas
including many Y-211 particles consequently show low 1Q
values. For large Y-211 grains, there is a much larger area
with low IQ values around them as for other, tiny Y-211
particles, which indicates that the larger (or clustered) Y-211
particles are influencing the YBCO matrix much more as the
tiny Y-211 particles.

However, for a proper investigation of the strain, the 1Q-
maps are not well suited as the IQ can be influenced by many
other factors like grain boundaries and secondary phases,
which is exactly corresponding to our present situation. The
other factors influencing the 1Q values like the camera set-
tings, effects of sample surface preparation, etc, are not
playing a large role in the present case of a small TEM slice
being prepared by ion beams. A better way to visualise the
strain distribution is the kernel average misorientation (KAM)
mapping [30, 32]. In the literature, besides the classical
deformation experiments KAM maps were already employed
to study strain around embedded carbide particles in Ni
superalloys [33], in SiGe thin films [34] and even in Ni/Ni-
CNT nanoparticles [35].
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Figure 4. Inverse pole figure orientation mapping for YBCO (a) and Y-211 (b). The respective other phase is drawn in black. (c) Rainbow-
coloured IQ mapping together with the contours of the detected Y-211 particles drawn in white. This gives an impression of the reduced
image quality of the Kikuchi patterns around the embedded Y-211 particles. (d) Is the kernel average misorientation (KAM) map, (e) the
local orientation spread and (f) the grain reference orientation deviation mapping. The colour codes are given below the maps. For maps (d)-
(), the Y-211 particles are represented in black. These maps reveal that the YBCO matrix shows misorientations of up to 10° in between the

Y-211 particles.

Figure 4(d) presents such a KAM map (2nd neighbour-
hood—6 surrounding points to each pixel). Here, we see that
the misorientation is largest in between the Y-211 particles,
which are drawn here in black. This result is further mani-
fested when looking at the mapping of the grain orientation
spread presented in (e) and the grain reference orientation
deviation mapping shown in (f).

The local strain in the YBCO matrix around the Y-211
particles must be partly so high that some small YBCO grains
are created in close neighbourhood to the Y-211 particles in
order to release the strain. A comparison of the YBCO-IPF
map (a) and the KAM map (d) now reveals that the mis-
oriented YBCO grains (coloured blue or magenta) are indeed
located in the areas exhibiting the highest misorientation. The
formation of such subgrains close to the Y-211 particles was
already seen in earlier publications [36, 37]. The larger the
embedded Y-211 particles, the more such YBCO subgrains
are formed. The detailed investigation of strain created by
embedded particles in the YBCO matrix will be a topic for
future investigation as the strain fields created may act as
additional flux pinning sites.

Figure 5 gives the pole figures for YBCO and Y-211 in
ND corresponding to the IPF-mapping shown in figure 4.
This clearly indicates the strong texture of the YBCO matrix,
and the more random character of the Y-211 phase.

In figures 6(a)—(f), several EBSD-determined graphs
concerning the grain properties are presented. The YBCO
phase is always drawn using red, the Y-211 phase using blue

001

max = 85.911
40.899
19.470

9.269

4412

2.101

1.000

0.476

max = 22.709
13.495

8.019

4765

2.832

1.683

1.000
. 0.594
Figure 5. EBSD pole figures for YBCO (a) and Y-211 (b) in the
direction normal (ND) to the sample surface.

RD

colour. Figure 6(a) shows the grain size distribution for both
phases. The Y-211 particles have sizes between 60 and
210 nm, so these particles are considerably smaller than most
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Figure 6. EBSD-determined graphs for the grain size (a), the boundary density (b), the misorientation angles (c), the grain-shape aspect ratio
(d), the grain shape ellipticity (e) and the grain shape circularity (f). All data for YBCO are given in red, whereas Y-211 is drawn in blue.

of the Y-211 particles found in MTMG samples, even though
refiners like Pt or CeO, were applied [38]. The small YBCO
subgrains formed have similar sizes like the Y-211 particles,
and the remainder of the sample is one large YBCO grain.
The plot of figure 6(b) gives the grain boundary (GB) density
in the investigated area. Here, we show the data for the two
phases separately. The GB density for YBCO is nearly con-
stant, with a sharp increase towards 90°, whereas the 211
phase exhibits an increasing GB density. Figure 6(c) shows
the distribution of the GB misorientations, where YBCO
shows a majority of low-angle GBs. The 211 phase has in
contrast some GBs with angles between 40 and 60°, and a
maximum at 70°. Figure 6(d) presents a plot of the GB aspect
ratio of both phases. The grain shape aspect ratio is defined as
the length of the minor axis, a, divided by the length of the
major axis, b, of an ellipse fitted to a detected grain by the
EBSD software. YBCO exhibits several large, elongated
grains, while the 211 phase has a peak at ~0.6. The Y-211
particles tend to be slightly more circular, i.e. with both axes
being equally long. For both phases, the small grains have a
grain size aspect ratio of 0.8. These phase-resolved analysis of
the GB and grain properties corroborates the earlier results
obtained on melt-textured bulk samples [36, 37].

The plots in figures 6(e) and (f) demonstrate details of the
shape of the particles found here. The grain shape ellipticity is
on the first approach similar to the aspect ratio and is given as

1= %. The grain shape circularity is a measure of the

compactness of the grain. It is defined as 4wA/p?, where A is
the area of the grain and p is the perimeter [28]. These data
give additional information on the grain characteristics. The
ellipticity (e) is similar for both YBCO and Y-211, whereas

the circularity reveals differences between the two phases for
low and high circularities.

As already mentioned, the formation of subgrains around
the Y-211 particles embedded within the YBCO matrix was
already seen in previous papers dealing with EBSD per-
formed on melt-textured, melt-grown YBCO samples
[36, 37], but on a different lengthscale using standard EBSD.
This formation of subgrains is a direct consequence of the
large strain around the Y-211 particles. The size of these
YBCO subgrains is always smaller than that of the Y-211
particles. The present measurements reveal further that this
high strain is also caused by the much smaller Y-211 particles
obtained here, and the strain can be directly visualised using
the KAM mappings of the YBCO phase. A further quantifi-
cation of these data will be the next task, which is, however,
complicated due to the more complex orthorhombic crystal
structure of YBCO and Y-211.

Finally, figures 7(a)—(d) present several TEM images
obtained from the same TEM-slice, taken with a magnifica-
tion of 8000x. The Y-211 particles are clearly visible as
slightly elliptic objects, which are clearly separated from the
YBCO matrix by a GB. The Y-211 particles are densely
packed with partly only a small distance between them. In
images (a) and (d), Y-211 grains with grain boundaries
between them are visible, which is also observed in the
Y-211-IPF-map (figure 4(b)). The YBCO matrix reveals the
presence of strain around the Y-211 particles as indicated by
arrows. These observations demonstrate once more the big
advantage of TKD as the TEM-slices can also be used for
TEM imaging, although the exactly same location for
investigation cannot straightforwardly be recovered in the
different instrument.
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Figure 7. (a)-(d) TEM images taken on the same TEM-slice of the IG-processed YBCO sample, magnification 8000 . The arrows point to
the effects of strain around the Y-211 particles embedded in the YBCO matrix.

The imaging of the strain field around the Y-211 particles
represents an important step forward to better understanding
of the flux pinning properties of the Y-211 particles. The
strained YBCO matrix and the YBCO subgrains must also be
considered when defining an effective radius for flux pinning
in the melt-textured YBCO samples. The deeper analysis of
the EBSD-data in form of graphs reveals a variety of details
of the grain arrangement, a comparison of which may bring
the design of an ideal microstructure for flux pinning even
further. Therefore, the EBSD technique, and here especially
the TKD technique for the analysis of nanometre-sized
objects, is proven to be a very useful tool to provide better
understanding of the specific microstructure of the 1G-pro-
cessed YBCO superconductors.

4. Conclusions

Transmission Kikuchi diffraction (TKD) was successfully
carried out on TEM-slices prepared from IG-processed
YBCO superconductor samples. The higher spatial resolution
and the higher IQ obtained in the TKD measurements enabled

the orientation measurements of the tiny Y-211 particles
embedded within the YBCO matrix. The strain fields around
the Y-211 particles were imaged using the average kernel
miorientation mapping, which is an important step forward to
better understanding of the resulting flux pinning properties.
The analysis further showed details about the grain sizes, the
misorientations, and the grain shape aspect ratio of the Y-211
grains. Together with the TEM images obtained from the
same TEM-slices, a complete picture of the microstructure on
the nanometre scale can be obtained, which enables the tai-
loring of the flux pinning properties of the IG-processed
YBCO bulk samples.
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