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Abstract

Trapped micro-Tesla levels of magnetic flux degrade the
& performance of Nb superconducting radio frequency (SRF)
B accelerators. Recent studies have revisited the role of small
= deformation (dislocation substructure influence) on cavity
performance. However, the link between microstructural
defects and mechanisms leading to poor performance is still
unresolved. To examine the mechanism of flux pinning by
dislocations and grain boundaries, bi-crystal Nb tensile sam-
p
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les were designed with strategically chosen tensile axes to

avor introduction of dislocation content near grain bound-

ies by a small tensile strain. Dislocation structures near
the grain boundaries were characterized before and after
5% tensile deformation using electron channeling contrast
imaging (ECCI), after which the magnetic flux behavior was
£ observed using cryogenic magneto-optical (MO) imaging.
5 Z The conditions which increase the tendency to trap flux in
é‘ regions of high dislocation density of one Nb bi-crystal are
discussed.
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INTRODUCTION

High purity niobium (RRR>300) has been used for fabri-
cation of particle accelerator cavities due to its superconduc-
< tivity [1] . Great advancements on pursuing higher quality
> factor (Q) and accelerating gradient have been achieved in
o the past decades [2—4] in the superconductivity radio fre-
% quency (SRF) community. However, the SRF cavity perfor-
f mance is still limited by the variability of the niobium mate-
© rial, resulting from various factors including the anisotropic
g mechanical properties and dislocation substructures. The
é long path of fabrication and processing of niobium cavities
= +. introduces microstructural defects (dislocations and grain
‘3 boundarles GB) into the material, which could act as pin-
-c ning centers causing flux pinning at superconducting tem-
:: peratures and, as a result, degrade the cavity performance
28 and energy efficiency [3,5-11]. Even in undeformed high
é’purity Nb samples, there are a large number of pre-existing
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dislocations ( p ~ 9 x 10'2m~2), which can affect flow stress
behavior during subsequent deformation [12—-14].

To study the effect of dislocations and grain boundaries
on magnetic flux trapping, tensile samples were designed
with strategically chosen tensile axes to favor introduction
of dislocations near grain boundaries after 5% tensile de-
formation. Electron channeling contrast imaging (ECCI)
was used to examine the dislocation structures near grain
boundaries. ECCI has the advantage of minimal surface
preparation, compared with TEM, and provides large areas
for investigation. The magnetic flux behavior was observed
using Magneto-optical (MO) imaging. In this paper, the
results of one bi-crystal sample are presented and discussed.

SAMPLE DESIGN
Dislocation Slip

Dislocation slip enables the formability of metals through
the activation of slip systems under applied shear stress.
There are 48 slip systems for Nb, each of them having a
specified slip plane and slip direction. When a shear stress is
applied, the resolved shear stress on these slip systems will
be different, and the ones with the highest resolved shear
stress will be most likely to be activated. This likelihood can
be described by Schmid factor, a value ranging from 0 to 0.5,
with 0.5 representing the highest likelihood of activation
during deformation. The calculation of the Schmid factor
was used to guide the choice of the tensile axis.

Tensile Axis Choosing

Tensile samples were extracted from a 3 mm thick high-
purity (RRR>300) large-grain Nb disk. The tensile axis was
chosen to cause focused shear deformation along the GB so
that their effect on flux trapping can be evaluated. In order
to achieve this goal, a MATLAB code was developed to
calculate Schmid factors of all slip systems in Nb based on
crystal orientations measured using Laue X-ray diffraction.
The tensile axis was rotated by 360°, and the Schmid factor
calculation was made for each degree of rotation in order to
find a slip system parallel to the GB with a high likelihood
of activation when deformed along chosen axis.

The surface normal direction orientation map of the Nb
disk is shown in Figure 1a, which is color coded based on
the crystal directions that are parallel to the surface normal.
Figure 1b shows the layout of two tensile samples overlaid
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on a portion of the Nb disk. The overlaid unit cell prisms rep-
resent the orientations and chosen slip systems of grains 6, 9,
and 10, with shaded planes representing the slip planes, and
torquoise lines the slip directions or Burgers vectors. Schmid
factors are listed for the four most favored slip systems in
each grain in the lower table in Figure 1b. It shows that
for the chosen tensile axes of samples GB6-10 and GB10-9,
each grain has highly favored slip systems, and both grain
6 and grain 9 have a slip system parallel to the GB. In this
paper, the results of sample GB10-9 are presented.

Slip plane

Schmid factor

Grain6 | 0.5 | 0.44 |0.42 |0.35
Grain9 | 0.5 | 0.47 | 0.46 |0.45
Grain10| 0.48 | 0.48 | 0.45 [0.45

Figure 1: a) Normal direction orientation map of a large-
grain Nb disk, color coded based on the crystal directions
parallel to the surface normal; b) Portion of the Nb disk
overlaid with drawings of tensile samples GB6-10 and GB10-
9 with chosen tensile axes and prisms representing crystal
orientations and most favored slip systems. The lower table
shows the Schmid factors for the four most favored slip
systems in grain 6, 9, and 10, for the chosen tensile axes.

CHARACTERIZATION METHODS

Electron Channeling Contrast Imaging (ECCI)

ECCI is a SEM (Scanning Electron Microscope) based
technique that enables dislocation imaging [15-18]. A dis-
location changes the local lattice orientation in an otherwise
perfect crystal lattice, resulting in a contrast change in the
backscattered electron (BSE) signal used to form ECCI dis-
location images. ECCI has advantages of a large observation
area, bulk sample observation, and non-destructive sample
preparation. Most importantly, surface preparation for ECCI
only requires a good polish, so SRF cavity coupons can be
characterized for deformation microscopic structures. In
contrast, TEM sample preparation could lead to modifica-
tions of the microstructure.

To obtain an ECCI dislocation image, the sample was ro-
tated and tilted into channeling conditions when the electron
beam axis is at the edge of a channeling band, as shown in
Figure 2a and c, where the red dot represents the electron
beam axis. The parallel white dashed lines mark the chosen
channeling bands, with diffraction vectors g denoted. Under
channeling conditions, dislocation images can be collected
using a BSE dector in SEM, as shown in Figure 2b and 2d.
These are dislocation images of the same area under two
different channeling conditions g = (-1-1-2) and g = (200).
Dislocation visibility changes with channeling conditions,
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which can be used for contrast analysis to identify dislocation
characters [17].

Figure 2: Channeling patterns (a and c) and the correspond-
ing dislocation images (b and d) of the same location on Nb
sample surface under different channeling conditions. Note
the beam center (red dot) is at the edge of the g = (-1-1-2)
band for the first channeling condition (upper), and at the
edge of the g = (200) band for the second channeling condi-
tion (lower). Different dislocations are visible or invisible
in these two conditions.

Magneto-Optical (MO) Imaging

ping or penetration, which could cause local superconductiv-
ity suppression due to defects in Nb [19,20]. This method
is based on the Faraday effect, where polarized light is ro-
tated by a magnetic field. In MO images, a bright contrast
corresponds to higher magnetic flux density. The setup of
MO imaging is shown in Figure 3.

Figure 3: Setup of MO imaging for magnetic flux observa-
tion.

Flux Trapping in One Grain

eter of 3mm and a thickness of 1.5mm was extracted from
the bi-crystal GB of the deformed tensile sample GB10-9,
as shown in Figure 4a, where the red dashed line denotes
the location of the GB. The optical image and MO image
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MO imaging can reveal locations of magnetic flux trap-
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RESULTS

After 5% tensile deformation, an MO sample with a diam-
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A
E of the extracted MO sample are shown in Figure 4b and c,
g respectively.
The MO image was taken following a field cooled condi-
S tion, where the sample was cooled in an external magnetic
4 field of 120 mT. This field was reduced to zero after the tem-
= perature reached 6.4K (below the critical temperature 7,),
£ and then the MO image was taken at H = 0 mT. In the MO
5 image (Figure 4c), the left grain shows a brighter contrast
§ than the right grain, indicating more flux trapping in the left
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MO image
(T=6.6K, H=0.0 mT)

Figure 4: MO sample extracted from the deformed tensile
sample (a) and its optical image (b) and field cooled MO
image (c). The left grain shows more flux trapping than the
right grain.

Optical image
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Dislocation Density

In order to identify the microstructure effect on flux trap-
ping observed in MO imaging (Figure 4), ECCI was per-
formed in both grains of the bi-crystal sample GB10-9 and
Z the dislocation images of two different regions in each grain
;j are shown in Figure 5, where the white or dark features are
/M dislocations with dislocation lines at different angles from
8 the sample surface. By counting these features (excluding
£ dislocations in low angle grain boundaries) and dividing
3 this number by the area, the density of dislocations can be
é estimated. It is worth noting that this counting is the lower
43 bound of dislocation density, because (1) not all dislocations
< are visible under chosen channeling conditions, and (2) not
-“.2 all observed dislocations are perpendicular to the surface.
3 Thus, a geometry correction proposed in ref [21] was used to
% make a better estimate of the measured dislocation density,
2 assuming the dislocations are is random orientations. A cor-
z rection factor of 1/cos(60°) was multiplied by the measured
£ dislocation density values.

The dislocation densities measured from five areas in each
of the left and the right grain are shown in the bar plot in
Figure 6. The left grain has a higher density of dislocations,
corresponding to the higher flux trapping revealed by MO
imaging (Figure 4), suggesting the existence of a correlation
between flux trapping and dislocation content.
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Right grain
L
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Figure 5: Dislocation images of two regions of the left grain
(a and c) and the right grain (b and d) of bi-crystal GB10-9.
Both high density dislocations (white and dark features) and
low angle grain boundaries can be observed.
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Figure 6: Dislocation density estimation from ECCI images:
the left grain has a higher density of dislocations.

Sub-Grain Development After Deformation

Low angle grain boundaries (LAGBs) were observed in
dislocation images of both grains (Figure 5) after 5% defor-
mation. During the deformation, dislocations are generated
and then organized to form low-energy dislocation walls,
or LAGBs, to accommodate the deformation [22]. These
LAGBs, which are composed of dislocations, can be imaged
using ECCI. Figure 7 shows the comparison of ECCI im-
ages of the same area in the right grain before and after 5%
deformation. Compared with the before deformation image
Figure 7a, the after deformation image Figure 7b shows more
developed LAGBs, indicating sub-grain development during
the 5% deformation.
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.~ GB junction

Figure 7: ECCI images of the same area in the right grain

near the grain boundary junction before (a) and after (b)
deformation show trend of sub-grain development.

Dislocation slip during plastic deformation leads to crys-
tal rotation, and hence, local crystal orientation changes
leading to local misorientations, which can be measured us-
ing electron backscatter diffraction (EBSD) before and after
deformation. Based on EBSD data, the grain reference ori-
entation deviation (GROD) maps can be generated to show
the trend of orientation evolution during deformation. Using
the average grain orientation as a reference, the data can be
plotted either as orientation deviation angle maps (Figure
8a and b), or as rotation axis maps (Figure 8c and d), where
maps (a) and (c) show the before deformation condition, and
(b) and (d) show the change after deformation. The GROD
angle maps (a) and (b) show a lower orientation deviation
after deformation, indicating that dislocations could exit the
sample or accumulate in LAGBs after deformation. Maps
(c) and (d) show that local regions rotate about a particu-
lar rotation axis after deformation (Figure 8d), consistent
with sub-grain development observed from ECCI images in
Figure 7.
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Figure 8: Grain reference orientation deviation map of the
right grain before (a) and after deformation (b) shows more
distinct regions with specific grain orientations and sharper
boundaries with different orientations after deformation. (c)
shows no prior local preferred rotation axes before deforma-
tion, but in (d), there are regions with distinct misorientation
axis after deformation, indicating that different sub-grain
boundaries consist of dislocations operating on different slip
planes.
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DISCUSSION

This study demonstrates the capability of ECCI to image
individual dislocations and quantify dislocation densities in
deformed Nb, and how MO imaging technique can be used
to assess the correlation between flux trapping and disloca-
tion content. The large observation area in bulk samples
facilitates meaningful statistical studies of dislocation struc-
tures using ECCI in deformed Nb samples. ECCI can also
be used with in situ characterization to identify evolution
of dislocation characters and the development of LAGBs in
deformed samples.

A sampling of dislocation densities using ECCI in both
grains in bi-crystal GB10-9 clearly shows that the left grain
has a higher density of dislocations after 5% tensile deforma-
tion. A higher dislocation density corresponds with higher
flux trapping, as revealed by the MO imaging. This result
suggests that free dislocations cause local suppression of
superconductivity and degrade the Nb cavity performance.
However, it is not known how LAGB dislocation structures
correlate with flux trapping as distinguished from free dislo-
cations between LAGBs. Furthermore, MO imaging is not
able to resolve individual dislocation flux trapping, making
it difficult to distinguish between flux trapping by individual
dislocations and LAGBs.

LAGBSs have a low misorientation angle (<15°) and con-
sist of dislocations that can be imaged. ECCI observation in
the right grain (Figure 7b) shows the development of distinct
sub-grains or LAGBs after deformation. This is consistent
with the grain reference orientation deviation maps (Figure
8), which show that local regions have different rotation axes,
resulting from dislocation slip on different slip systems that
interact to form LAGBs, or sub-grains. Prior work shows
that LAGBs are also capable of trapping magnetic flux and
disturb superconducting currents [23].

CONCLUSION

This paper demonstrates the capability of ECCI to charac-
terize individual dislocations and quantify dislocation den-
sities in deformed Nb samples, which were designed with
chosen tensile axes to favor introduction of dislocation con-
tent near grain boundaries during deformation. ECCI com-
bined with MO imaging enables the study of the correlation
between dislocation content and magnetic flux trapping in
lightly deformed Nb samples in order to achieve further un-
derstanding of the mechanism of flux trapping by microstruc-
tural defects such as dislocations and grain boundaries.

The combination of MO imaging and ECCI analysis
shows correlation between dislocation density and magnetic
flux trapping. This implies that dislocations can trap mag-
netic flux and degrade superconductivity of Nb.

Both ECCI and EBSD analysis show well-developed ori-
entation gradients and LAGBs following deformation. Dis-
locations and low angle grain boundaries can cause flux trap-
ping and degrade the performance of SRF cavities. There-
fore materials processing methods need to be developed to
remove as many dislocations and LAGBs as possible.
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