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Abstract
Nb is an elemental superconductor with a critical temperature of 9.3 K and is widely used to
fabricate superconducting radiofrequency (SRF) cavities for particle accelerators. However,
microstructural defects in Nb, such as grain boundaries (GBs) and dislocations, can act as
pinning centers for magnetic flux that can degrade SRF cavity performance. Hydrogen
contamination is also detrimental to SRF cavity performance due to the formation of normal
conducting hydrides during cool down. In this study, disc shaped Nb bi-crystals extracted from
high-purity large-grain Nb slices were investigated to study the effects of GBs, hydrogen, and
dislocations on superconducting properties. Grain orientation and GB misorientation were
measured using Laue x-ray diffraction and electron backscattered diffraction (EBSD) analyses.
Cryogenic magneto-optical imaging was used to directly observe magnetic flux penetration
below Tc = 9.3 K. Damage caused by low temperature precipitation of hydrides and their
dissolution upon reheating after cryogenic cycles was examined using electron channeling
contrast imaging, and EBSD. The relationships between hydride formation, dislocation content,
GBs, cryo-cooling, heat treatment (HT), and flux penetration indicate that both GB character
and hydrogen content affect magnetic flux penetration. Such flux penetration could be facilitated
by dislocation structures and low angle GBs resulting from hydride precipitation and HT.
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1. Introduction

Superconducting radio-frequency (SRF) cavities used for
charged particle accelerators are usually made from high
purity Nb because of its highest critical temperature (Tc =
9.3 K) among elemental superconductors, its high critical
magnetic field, as well as its good formability, reliable chem-
ical stability, and sufficient market availability [1, 2]. Push-
ing the limits of a high accelerating field and a high quality
factor (Q) provides the motivation for continuing research and
development of Nb cavities. Over the past decades, improve-
ments in the fabrication process have enabled the theoretical
accelerating field limit of about 52 MV m−1 to be achieved
[3]. While quality factors have reached ∼1011 [4], this can-
not be consistently reproduced when using the same manu-
facturing processes, suggesting variability within the mater-
ial. Dislocations and grain boundaries (GBs) introduced dur-
ing fabrication paths are among the defects that limit SRF
cavity performance. Chemical removal of the surface dam-
age introduces hydrogen that can form normal conducting
hydrides when cooled to cryogenic temperatures. Disloca-
tions, GBs, and normal conducting hydrides can facilitate
magnetic flux trapping and perturb the superconducting cur-
rents and increase residual resistance [5–21]. Defects can be
flux traps in a superconductor as it cooled below Tc, where
an ideal superconductor would be diamagnetic and flux free
[14].

This study focuses on three kinds of defects: disloca-
tions, GBs and hydrogen. Dislocations can facilitate flux
entry and are capable of trapping magnetic flux, resulting
in radio frequency (RF) losses due to oscillatory motion of
trapped flux under RF fields [6, 7, 15, 21]. Previous work
shows that GBs are weak links and show lower critical cur-
rent density than bulk material [22]. GBs oriented paral-
lel to external magnetic fields can cause preferential flux
penetration [23–25]. More recently, flux penetration along
low angle grain boundaries (LAGBs) was also observed in
single-crystal Nb samples [19, 26, 27]. In a sample deformed
and heat treated to yield regions of small and large grain
size, poor flux expulsion and trapped flux occurred in small-
grain regions [27]. Hydrogen can easily enter Nb during
electro-polishing or buffered chemical polishing (BCP) when
the original oxide layer is removed [28], causing normal-
conducting Nb hydride precipitation during cooling. Precip-
itation causes a 12% volume increase, which is accommod-
ated by elastic strain and formation of dislocation loops that
transport material away from the hydrides [29–36]. Although
hydrides dissolve during heating, the plastic deformation
caused by them is not reversible, leaving scars with locally
high dislocation densities in regions where hydrides were

present [29, 30, 34]. Magnetic flux trapping by hydrides
has been observed using magneto-optical (MO) imaging
[37].

The issue of Q-drop in SRF cavities, a sharp decrease in
quality factor Q at high surface magnetic fields of 900–1000
Oe, is well-known [15, 21]. Low temperature baking has been
shown to reduce high field Q-drop, possibly due to dislocation
annihilation during baking [21]. Suppression of hydride form-
ation [35] by nitrogen doping/infusion has been used to engin-
eer the surface layer of Nb to reduce Q-drop and significantly
boost the quality factor [38–40]. Recent research [4, 41, 42]
on magnetic flux expulsion showes that nearly full flux expul-
sion and ultra-high quality factors (∼1011) can be achieved by
high temperature heat treatments (HTs) combined with inten-
tionally imposed thermal gradients during cooling. However, a
systematic study on the flux trapping mechanisms responsible
for these observations at the microscopic level is still lacking.

In the present work, flux penetration and trapping are
investigated in bi-crystal samples using cryogenic MO
imaging, and the microstructure evolution due to hydride
precipitation and subsequent HT is characterized using elec-
tron channeling contrast imaging (ECCI) and electron backs-
cattered diffraction (EBSD). This work builds on prelimin-
ary observations from these samples in [26]. The goal is to
identify relationships between hydride formation, dislocation
content, GBs, cryo-cooling, HT, and flux penetration and trap-
ping. These questions motivate the experimental design and
research goals:

(a) GBs, hydrogen, and flux penetration: Do hydrides facilit-
ate GB flux penetration? If so, do the GBs favor hydride
formation?

(b) Dislocations, hydride formation, and flux penetration:
Does hydride formation cause multiplication of disloca-
tions, which in turn provides sites for flux trapping?

Three bi-crystal samples (Samples I, II, and III) were
investigated, but the majority of insights come from Sample
II, which is the focus of this paper. Samples I and III
provide important details supporting the interpretation, and are
described in the appendix.

The paper is organized as follows: section 2 describes the
experimental procedures and techniques used in this study;
section 3 presents the results of cryo-cycles and HTs on MO
imaging of the magnetic flux behavior in chronological order,
as well as microstructure analysis of both the surface and
sub-surface of Sample II; section 4 discusses the findings and
assesses the questions raised above, leading to further motivat-
ing hypotheses and opportunities for futurework, and section 5
summarizes the findings.
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2. Experimental methods

2.1. Orientation measurement and bi-crystal sample
extraction

Samples for this study were taken from two SRF grade large
grain 270 mm cylindrical Nb ingot slices 3 mm thick from two
vendors (Ningxia Orient Tantalum Industry Co. Ltd and Tokyo
Denkai Co. Ltd). Laue x-ray diffraction was used to measure
orientations of the grains, allowing determination of the mis-
orientation across the visible GBs as described in [26]. Three
bi-crystal cylindrical samples were extracted using electrical
discharge machining (samples I and II from the Ningxia Nb
slice and Sample III from the Tokyo Denkai Nb slice) such
that the GB bisected the sample with the sample axis parallel
to the original Nb ingot axis. Each sample was sliced into two
discs about 1.3 mm thick, which were subsequently processed
by both vibratory polishing and light BCP to obtain a smooth
surface for electron microscopy and MO analysis, leading to a
diameter of 2.84 mm, and a thickness of 0.79 mm in sample II,
and the boundary misorientation is 24◦ (details about samples
I and III are in table A1 in the appendix). The optical image in
figure 1(a) shows the visible GB trace on the top surface, while
the GB trace on the bottom surface is indicated by a dashed
line. The inclination between the GB and surface varied from
90◦ (in the right 2/3 of the boundary) to about 82◦ (in the left
1/3 of the boundary, figure 1(a)).

2.2. Cryogenic MO imaging and critical current density
estimation

TheMO technique enables both local and global magnetic flux
behavior to be visualized using the double Faraday effect in a
garnet indicator film sitting directly on the sample surface. In
these experiments, the samples are situated at the center of a
solenoid which can generate magnetic fields up to 1200 Oe;
reported fields generated by the coil at the sample are calib-
rated values based upon the current in the solenoid [24]. In the
reflective mode with in-plane magnetization, the relationship
between microstructural defects and magnetic flux penetration
and trapping below the 9.3 K critical temperature (Tc) is dir-
ectly visualizedwith an opticalmicroscope [23, 43–47].While
this method was developed for thin films, it has been adapted
for thicker samples with an iterative procedure such that aspect
ratios of diameter to thickness as low as 3 can provide a res-
olution of about 30 µm [46]. There are three imaging modes:
zero-field-cooling (ZFC) mode, remnant field (RF) mode, and
field-cooling (FC) mode [19, 24, 45]. For the ZFC mode, the
sample was cooled in a zero magnetic field below Tc, and then
the external magnetic field was increasingly applied perpen-
dicular to the sample surface. In MO images, flux penetration
from the perimeter into the sample is revealed as bright con-
trast (dark regions are in the Meissner state and flux-free). For
the RF mode, the external field was removed to show the rem-
nant (trapped) field within the sample. In the FC mode, the
sample was cooled in an external field above Tc, and then the
external field is removed after reaching a temperature below Tc

to form the FC MO image. In comparison to the ZFC mode,

which is sensitive to surface superconducting properties, the
FC MO images show mostly bulk flux trapping properties. A
disc-shaped MO sample was used to avoid the influence of
corners on the flux distribution [24].

The critical current density (Jc) of a superconductor is the
maximum current density a superconductor can carry before
transitioning to the normal conducting state, and it is propor-
tional to the flux pinning force density described in equation
(1) [14]:

Jc =
Fp
B

(1)

where Fp is the pinning force density, and B is the magnetic
flux density. Critical current density can be estimated from
MO images by measuring the width of the flux-free Meiss-
ner regions [45]. GB transparency (r) is defined as the ratio of
the critical current density across the GB JGBc to that within the
grain (bulk) Jgrainc [43, 47]:

r=
JGBc
Jgrainc

. (2)

This GB transparency can be calculated from the MO images,
as discussed in [43]. A GB transparency less than 1 indicates
weaker flux pinning at the GB in comparison to the adjacent
grains. In other words, the GB becomes less resistant to flux
penetration compared to the grain.

2.3. EBSD orientation mapping

EBSD scans of etched sample surfaces were performed on a
TescanMira field emission gun-SEM equipped with an EDAX
Hikari EBSD camera (480× 480 pixel resolution) and an ori-
entation imaging microscopy (OIM) software, using step sizes
less than 1 µm. A voltage of 25 kV, working distances of 20–
25 mm, and an exposure time of 0.1 s were used. Inverse pole
figure (IPF), image quality (IQ), Kernel average misorienta-
tion (KAM), and grain reference orientation deviation-angle
(GROD-angle) and -axis (GROD-axis) maps were generated
using OIM analysis software v. 7.3.1 after one round of neigh-
bor confidence index cleanup.

2.4. Dislocation density mapping using HR-EBSD analysis

High-resolution (HR) EBSD cross-correlation analysis was
performed using the MATLAB-based OpenXY software [48]
to measure and map the geometrically necessary dislocation
(GND) density. A spot size of 20 nm and a specimen current
of 1.9 A were used for collection of high quality EBSD pat-
terns necessary for cross-correlation analysis, using the same
SEM and parameters described above.

2.5. Heat Treatment (HT) and nitrogen infusion

HTs were done in a vacuum furnace at the Jefferson National
Accelerator Facility, where samples were included with cavity
HTs. The samples were heated at a rate of 5 ◦Cmin−1–800 ◦C
under an ultra-high vacuum condition, which was maintained
for 3 h, followed by furnace cooling to 175 ◦C. Sample II went
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Figure 1. (a) Optical image showing locations of GBs on the top and the bottom surface (dashed line) and sequential MO images taken at
8.7 K (b)–(d) and 7.8 K (e) and (f). The black circle in (a) indicates the location where ECCI imaging was performed. The black rectangular
outline in (b) indicates the area examined using EBSD in figure 2.

through a nitrogen infusion cycle at 175 ◦C in 25 mTorr nitro-
gen gas for 48 h after the prior 800 ◦C HT [49].

2.6. Electron channeling contrast imaging (ECCI)

Samples were prepared for ECCI [50, 51] by chemically
removing material from the surface using BCP (25% nitric
acid, 25% hydrofluoric acid, and 50% phosphoric acid). ECCI
was conducted in the Tescan MIRA, which is equipped with
beam rocking capability that allows selected area channeling
patterns to be collected from areas of ∼20 µm diameter. Spe-
cific (2-beam like) channeling conditions were obtained based
upon known EBSD orientations in conjunctionwith the TOCA
software (Tools for Orientation determination and Crystallo-
graphic Analysis) [52, 53].

3. Results

Results of Sample II are presented in themain text of the paper,
while those of Samples I and III are described in the appendix.

3.1. Initial MO imaging observations

The MO results of sample II are shown in figure 1. MO obser-
vations were performed at 8.7 K and then repeated at 7.8 K
after reheating above Tc to about 15 K. The sample was first
ZFC to 8.7 K, and then the external field was incrementally

increased, and ZFCMO images were taken. In an ideal defect-
free disc shaped sample, flux should penetrate from the peri-
meter inward as a bright ring squeezing a flux-free darkMeiss-
ner zone [24]. However, in real superconductors, defects such
as precipitates and GBs distort the ideal flux penetration pat-
tern by providing additional channels such as the features
shown in figure 1. A ‘fork’ shaped flux penetration along the
22◦ high angle grain boundary (HAGB) and along a ∼2◦–3◦

LAGB commenced at a field just below 300 Oe, and is shown
in the first ZFC image in figure 1(b) at 320 Oe (at 300 Oe, the
flux had not penetrated to the center). After removing the 320
Oe external field, the resulting RF image in figure 1(c) shows
that the magnetic flux was trapped and did not exit the super-
conductor. The field was then increased again to examine the
evolution of the flux penetration, which occupied more of the
sample volume after increasing the field to 520Oe, as flux pen-
etrated inward from the perimeter and the GBs, illuminating
about ¾ of the area (figure 1(d)). The field was removed and
the sample was then reheated to 15 K and again ZFC to a lower
temperature of 7.8 K. The first flux penetration occurred from
the edges along the same three boundary locations just below
540 Oe (the critical field of the superconductor increases para-
bolically with T/Tc, for T < Tc). A field of 650 Oe (figure 1(e))
was required to cause flux penetration to a similar extent as
figure 1(b). The sample was then reheated again to 15 K and
subsequently FC to 7.8 K in an external field of 1200 Oe,
where the field fully penetrated the whole sample. When the
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Figure 2. Backscattered electron (BSE) image (top left and top center) of the Sample II surface after the first MO cryogenic cycle shows a
large number of ∼50 µm hydride scars matching {110} plane traces (plotted as colored dotted lines on unit cells of both grains), arranged
along some scratches and the HAGB. In the enlarged area outlined by the white box, orange arrows identify the curved LAGB observed in
MO experiments (note abrupt contrast change across the LAGBs and no contrast change across scratches such as the one by the blue arrow).
Additional details of the area in the black outline are shown in the EBSD maps; the IQ map indicates defects (dark features); the IPF map
shows the HAGB (black line) and LAGBs (2◦–15◦, white lines); the KAM map highlights LAGBs and hydride scars that caused local
2◦–3◦ misorientations; the GROD-angle map is with respect to the average grain orientation indicated by Bunge Euler angles noted next to
the prisms (based upon the identified X-Y coordinate system); the GROD-axis rotation axis map reveals different rotation axes in different
subgrains. The IQ and the IPF maps from figure 4 in [26] are provided here to facilitate comparison.

external field of 1200 Oe was removed at 7.8 K, the trapped
magnetic flux in the whole volume of the sample is visible as
bright contrast in figure 2(f).

3.2. Microstructure analysis

After the 1st MO imaging sequence above, the microstruc-
ture of sample II was characterized using SEM imaging and
EBSDmapping as shown in figure 2. Abrupt discontinuities in
BSE contrast (orange arrows in enlarged BSE image) arising
from abrupt changes in crystal orientation indicate a LAGB
(note that the scratches (blue arrow) do not cause such abrupt
changes in contrast) [50, 51]. This LAGB is perpendicular to
the HAGB, but then curves to the lower left. The position of
this LAGB is consistent with the location of the flux branch in
the ZFC MO images in figure 1.

The GB characteristics are summarized in table 1. In
the EBSD IPF map, LAGBs are identified with white lines
for misorientations greater than 2◦. In the KAM map, the
LAGB is thicker close to the HAGB where it has a higher 3◦

Table 1. Misorientations and rotation axes of boundaries in the
GROD-angle map in figure 2.

GB ID GB type Misorientation angle Rotation axis

AB HAGB 21.9◦ [−21, 17, −9]
CD LAGB 3.1◦ [27, −8, −9]
DE LAGB 2.1◦ [14, −13, −23]
FD LAGB 2◦ [26, 1, 10]

misorientation and is thinner farther below the HAGB where
the misorientation is about 2◦. There is an additional LAGB
approximately parallel to the main GB (red arrow on the
enlarged BSE image, but it is most evident on the GROD-angle
map between letters F-D). There is no evidence of LAGBs in
other regions. The GROD-axis map is color coded according
to the rotation axis between each pixel and the average grain
orientation. In regions with a speckled pattern, the local grain
orientation is close to the average grain orientation, but there
are distinct subgrains with a uniform color that are misoriented
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by a rotation axis indicated by its color. The different colors
imply that different LAGBs consist of different combinations
of dislocations operating on different slip systems.

3.3. Nb hydride surface scars

Hydride scars are evident from the BSE image and EBSD
maps in figure 2. These scars result from accommodation of
deformation caused by hydride precipitation during cooling.
A cross section of a different sample following a cryogenic
cycle reveals that scars can extend ∼30 µm from the surface
into the bulk material (figure A2 in the appendix). The near-
surface hydride scars apparently grew along {110} planes, as
they are alignedwithmultiple {110} plane traces (dotted lines)
overlaid on the IQ map and on the enlarged BSE image of two
scars of the upper grain. Though the detailed shapes of each
scar differ, the scars in each of the two grains grew on the
same set of {110} planes. These scar morphologies are con-
sistent with Schober’s observation of dendritic hydride forma-
tion on low-index {110} and {100} planes in Nb after rapid
cooling [35]. The hydride scars have lower (darker) values
in the IQ map, suggesting that plastic deformation associated
with hydride precipitation distorts the crystal lattice and EBSD
patterns. These nominally 50µm scars cause local misorient-
ations as large as 3◦, as shown in the KAMmap. The scars are
frequently lined up along features that appear to be scratches
(most evident in the IQ map) and along the HAGB, but in
contrast to the MO images in figure 1, they are not present
along the LAGBs in the KAM and the GROD maps. Some of
the hydride scars do not appear to be correlated with either a
scratch or the HAGB (such as the hydride scar at the bottom
of the IQ map).

3.4. Effect of HT and re-polishing on flux penetration behavior

To examine how HT and polishing affect the flux penetration
behavior, four MO imaging assessments were made after the
four different steps listed below:

(a) after mechanical polishing (MP) and BCP (figures 1 and 3
column (i)),

(b) after 800 ◦C HT + 175 ◦C N2 infusion (figure 3 column
(ii)),

(c) after MP to re-introduce hydrogen (figure 3 column (iii)),
(d) after a second 800 ◦C HT (figure 3 column (iv)).

The 800 ◦C 3-hour HT at step ii was similar to that cur-
rently used for cavity processing [27]. Two MO images are
shown for each of the four MO cycles in order to illustrate
how the trapped flux increased with applied field; the contours
of current streamlines were calculated from the second row of
MO images. The in-grain (Jcgrain) and the cross-grain-boundary
(JcGB) critical current densities and the ratio of the two (called
GB transparency) were calculated from the MO images and
listed at the bottom of figure 3. The critical current density
can be used as an indicator of the strength of flux pinning for
the GB or the grain.

Figure 3(i) shows the initial flux penetration at 7.8 K at 54
and 560 Oe (the same MO cycle as in figure 1(e)). The cur-
rent streamline contours are bent inward at the LAGB and at
both ends of the HAGB, indicating current distortion caused
by GBs that show flux penetration. Flux penetration into both
LAGB and HAGBs are easier and deeper than into the bulk,
indicating that JcGB is lower than Jcgrain. This is consistent with
a low GB transparency (r = JcGB/Jcgrain) of about 0.16–0.23.

However, after subsequent HT andN2 infusion (figure 3(ii))
that resulted in less hydride formation and less perimeter sur-
face pinning, Jcgrain dropped to a low value that is compar-
able to JcGB, leading to a GB transparency of 0.88, close to
1. This resulted in the disappearance of MO contrast at GBs.
The flux penetration started at the center, at a lower field than
when GB flux penetration was observed, and gradually expan-
ded to most of the sample with no current distortion by GBs
in the streamline map. The removal of hydrogen significantly
decreased surface pinning in the two grains.

To determine if perimeter surface pinning could be restored
by the reintroduction of hydrogen, the sample was mechanic-
ally polished in a colloidal silica solution to reintroduce hydro-
gen (step iii). The ZFC image in figure 3(iii) revealed a partly
restored flux penetration on the right end of the HAGB, where
the GB is perpendicular to the sample surface. However, pen-
etration along the left end of the HAGB was not observed. As
the position of the lower GB is unchanged with removal of
material, and the displacement of the HAGB boundary from
top to bottom is about the same after the sample was thinned
(right side of figure 3), the inclination of the left side of the
HAGB is about 68◦ from the surface. This implies that in the
material removed, the left side of the HAGBwas inclined close
to 90◦ from the surface, consistent with flux penetration in
figures 1 and 3(i), and the lack of flux penetration along the
left side of the HAGB after material was removed (figure 3(iii),
and also appendix figure A1 Sample I). In contrast, the LAGB
showed restored flux penetration. After MP, Jcgrain was partly
restored from 30 to 20 kA cm−2, and the GB transparency was
reduced to 0.4, which is higher than the 0.2 value observed in
step i. The flux penetration along the GB started at a field of
400 Oe, which is lower than the 540 Oe field in step I, which
reflects changes in the sample due to HT, MP and reintroduc-
tion of hydrogen. This reduced magnetic field and higher GB
transparency suggests that damage accumulated after multiple
processing steps.

After a subsequent 800 ◦C 3-hour HT, a 4th cryo-cycle res-
ulted in an MO image (figure 3(iv)) showing a similar pat-
tern to figure 3(ii), with very low surface pinning, so flux was
spread out and noGBflux penetration was visible, but at a sim-
ilar field as after annealing in step ii. Calculations of critical
current density shown in figure 3 suggests that HT and rein-
troduction of hydrogen in Nb affects Jcgrain more significantly
than JcGB. In the presence of hydride pinning centers, Jcgrain is
almost an order of magnitude higher than JcGB. The near con-
stant JcGB leads to disruption of the critical current in the Nb
bi-crystal.

The repeated cryogenic cycles and HTs with MO imaging
shows that the flux penetration along the HAGB and LAGB
can be turned on and off by introducing hydrogen via MP and
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Figure 3. ZFC MO images from four MO cryo-cycles in columns: (i) first MO, (ii) after 800 ◦C 3-hour HT and nitrogen infusion, (iii) after
subsequent MP to reintroduce hydrogen, and (iv) after a final 800 ◦C 3-hour HT. The location of the prior fork shape flux penetration is
marked using red dashed lines. The contours of the calculated current streamline and critical current densities for each MO image are shown
below the MO image. The current density is the highest at the circumference edge and decreases to zero in the flux free zone in the center.
The colors of the streamlines are only for easy visualization. The MO image in column ii middle row is from figure 3(e) of [26], and has the
correct 7.8 K temperature. Calculation of critical current density from column iv was not sufficiently reliable to report.

by removing hydrogen via HTs. Comparing MO images in
figures 1 and 3, the field at which flux penetrates is very sensit-
ive to temperature, so using the same temperature in all meas-
urements would have been tidier, but this does not affect the
interpretation of the observations. These observations show
that damage caused by multiple processing steps cannot be
fully restored even after HTs and that this flux penetration is
directly correlated with the formation of hydrides.

3.5. Electron microscopy observations of hydride scars in the
subsurface volume

Because the MO measurement in figure 1 reflects both a bulk
and a surface effect, the subsurface region was examined after
removing an additional 0.15mm from the scar-covered surface
after the four steps in figure 3, and shown in figure 4. In con-
trast to the surface observations in figure 2, the LAGB split
into two boundaries as it approached the HAGB, indicating

that the LAGB is not perpendicular to the surface near the
HAGB at this location. The BSE image shows three ∼20 µm
hydride scars (white arrows) along the nearly vertical LAGB,
which are smaller than the ∼50 µm hydride scars on the ori-
ginal surface in figure 2. Several hydride scars close to the
HAGBare evident as∼3◦ local averagemisorientation regions
on the KAM map. This is consistent with an observation of a
large hydride that nucleated on a LAGB in prior work [30].
The KAM map also shows numerous ∼1–5 µm regions with
2◦–3◦ misorientations along the HAGB that may be small
hydride scars. The GROD-angle map shows multiple sub-
grains near the LAGB-HAGB junction, which have different
rotation axes represented by different colors in the GROD-axis
map. The GROD-axis is more speckled with greater distance
from the HAGB on both sides, but shows more uniform col-
ors closer to the HAGB, indicating distinct rotation axes (with
respect to the average orientation) in different subgrains near
the HAGB.
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Figure 4. Subsurface in the fork flux penetration area (black outline in figures 1 and 2) after the four steps in section 3.4, and removal of
about 150 µm shows hydride scars along both HAGB and LAGBs in the BSE image and EBSD maps. Multiple subgrains can be observed
near the HAGB-LAGB junction in the GROD-angle and GROD-axis maps.

MO observations in figure 3 suggests that flux penetration
along GBs is correlated with normal conducting hydride form-
ation. This correlation could be due to either the property of
the hydride itself or damage done by the formation of the
hydrides. Consequently, the effect of internal strain resulting
from hydride formation on defect formation was investigated
using ECCI and EBSD.

Figure 5 shows the BSE image of subsurface hydride scars
and a specific scar (white arrow) was chosen for ECCI ana-
lysis in figure 6. Unlike the scars on the initial surface near the
LAGB, which were aligned with {011} plane traces associated
with scratches in figure 2, the major axes of the scar identi-
fied by the white arrow is aligned with {001} plane traces, as
shown in the enlarged BSE inset image and the overlaid unit
cell with colored plane traces (note the colors represent differ-
ent planes in a crystal plane family).

Figure 6 (top left) shows an electron channeling contrast
image of the scar identified by the white arrow in figure 5,
under the channeling condition of g = (2−00). It shows the

tips of the scar aligned with the {100} plane traces, but there
are scar features between these axes that are also aligned with
{110} traces. Enlarged images from three dashed box regions
reveal well-developed subgrain boundaries (where there is an
abrupt change in contrast). There are some dislocations within
these subgrains, but also in the nearby surroundings. Exam-
ination of this and other scars show that the dislocation dens-
ity decreases with distance from the subgrain regions (addi-
tional images of scars with multiple channeling conditions

are in figures A4–A6 in the appendix). The well-defined sub-
grains are about 1 µm, and the KAM and GROD-angle maps
in figure 7 show that the subgrains are misoriented from the
surrounding material by a few degrees.

Similar ECCI analysis of Sample I in the appendix
(figure A4) shows that hydride scars following one MO cryo-
genic cycle had more randomly distributed dislocations and
less distinct subgrain structures than Sample II in figure 6,
which had multiple MO cycles and HT. Following HT, sample
I showed similar LAGB patterns as in figure 6, with sharp
subgrain boundaries and randomly distributed dislocations
(figure A5). This suggests that despite the repeated cryogenic
and heat treating cycles in Sample II, the dislocation and scar
morphology in figure 6 represents the same kinds of defect
arrangement that initially developed with the hydride forma-
tion during the first MO cryogenic cycle and their recovery
after HT.

EBSD analysis of the scar in figure 6 is shown in figure 7.
The IQ map shows high IQ in and immediately surrounding
the scar and lower IQ in the surrounding regions. The IPF map
shows orientation gradients within the scar and white lines
marking LAGBs, which are correlated with a higher GND
density (ρ > 1014 m−2), as shown in the GND density map
generated by HR-EBSD cross-correlation analysis. The KAM
map shows about a 3◦ misorientation for many of the sub-grain
boundaries (LAGBs). Some similarly high misorientations in
the regions surrounding the scar are consistent with the dis-
location content observed in the ECCI analysis. The subgrain
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Figure 5. BSE image of the subsurface after 150 µm removal and a specific scar (white arrow, lower inset) examined using ECCI in
figure 6 under the channeling condition g = (200). The prism and colored solid and dashed lines in the lower grain represent plane traces to
be compared with the scar morphology. The sample and images are rotated counterclockwise about 25◦ from those in figure 2.

size characterized by the GROD is somewhat larger than that
observed by ECCI, due to the 1◦–2◦ misorientation threshold
and EBSD resolution limits. There are regions of low KAM
within and immediately surrounding the scar, consistent with
a locally recovered structure, while a little farther away, GNDs
required to accommodate the orientation gradient are present.
The GROD-angle map shows a uniform orientation (by uni-
form yellow-green colors) consistent with the regions of low
KAM values (blue) in the interior of subgrains. The GROD-
axis map shows mottled regions outside of the scarred regions
that reflect the average orientation, and the LAGB regions have
varying rotation axes from the average (specific colors) within
different subgrains. The hydrides produce significant damage
well below the surface, deeper than the 25 µm depth of the
surface hydrides in figure A2.

4. Discussion

While it is well-known that removing hydrogen from Nb
cavities is critical for good performance, this investigation

revisits the negative effects from forming hydrides in an effort
to better understand the source of this damaging behavior.
Also considered is the apparent contradiction that the material
with hydrides can resist flux penetration by a stronger mag-
netic field than the same material after HT with recovered
hydride scars that contain LAGBs (recognizing that current
cavity fabrication paths do not generate hydride scars such
as those investigated here). Using the results from MO ima-
ging and hydride scar microstructure analysis using EBSD and
ECCI, the two questions proposed in the introduction regard-
ing relationships between hydride formation, residual disloca-
tion structures, GBs, cryo-cooling, HT, and trapped flux are
assessed, and new hypotheses are then identified.

4.1. GBs, hydrogen, and flux penetration: do hydrides
facilitate GB flux penetration? If so, do GBs favor hydride
formation?

4.1.1. The effect of GB inclination on flux penetration. Previ-
ous study has shown that flux penetration at GBs occurs when
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Figure 6. Electron channeling contrast image (a) and three ECCI images of the numbered areas in white dashed-line boxes. The sample and
images are rotated counterclockwise about 25◦ from those in figure 2.

the boundary is parallel to the magnetic field [24], which is
also confirmed in this study: Sample I with a GB not perpen-
dicular to sample surface did not show GB flux penetration
(figure A1), while Samples II and III, with an inclination angle
close to 90 degrees from the surface, showed GB flux penetra-
tion when the magnetic field was parallel to the HAGB. Flux
penetration was also observed along a LAGB in a deformed
Nb single crystal described in [19], but its inclination was not
known. Flux entered along the HAGB and the LAGB during
the first cryo-cooling cycle, as shown in figure 3(i) (and the
ZFC image in figure 1), and joined where the LAGB met the
HAGB. After removing 180 µm, the flux penetration along
the left side of the HAGB did not occur (figure 3(iii)) due
to the remaining HAGB being highly inclined to the field.
After removing material, the LAGB was still nominally par-
allel to the field, except where the LAGB joined the HAGB

where it was no longer parallel to the field (figure 4). This
also suggests that fluxmay penetrate as easily along LAGBs as
HAGBs despite their difference in structure; LAGBs are com-
posed of organized dislocations while HAGBs consist of poly-
hedral defect structures.

4.1.2. The effect of hydrogen on flux penetration. The MO
images show that a preferential GB flux penetration correl-
ates well with a GB transparency significantly less than 1
(Jcgrain > JcGB), which occurs when hydrides are present. Hydro-
gen introduced into the Nb surface increases the surface pin-
ning or Jcgrain, resulting in a different Jc in the grain and GB
regions. After HT, the low hydrogen content implies much
less hydride content, and Jcgrain values are similar to JcGB, lead-
ing to reduced surface pinning and no significant difference
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Figure 7. IQ, IPF, KAM, GROD-angle, GROD-axis, and GND density maps of the scar shown in figure 6 generated from an EBSD scan
with a step size of 0.4 µm. LAGBs are marked using white lines in the IPF, and GROD-angle maps. The dislocation density map shows
higher GND densities (m−2) near the LAGBs.

in superconducting behavior between the grain and the GB
(figure 3(ii)). The superconducting penetration depth in Nb
is of the order of 40 nm, and GBs are not expected to alter
the superconducting properties of clean Nb. A similar result
of higher Jcgrain as a consequence of introducing hydrogen by
polishing was observed in the case of a RRR 300 Nb sample
with a LAGB, which showed preferential GB flux penetration
in the presence of surface hydrides [54].

These observations show the critical role that hydrogen
plays in flux pinning in the presence of GBs. The above
observations do not prove that the GB structure itself is dir-
ectly responsible for the higher GB flux penetration, but they
can synergistically cause flux penetration with the presence
of hydrogen. While annealing reduces the potential to form
hydrides, the fact that flux penetration occurs when a particu-
lar current density is reached that is correlated to prior damage
in the GB suggests that hydrides in the bulk are less damaging
than in the GB, and that damage caused by hydrides in the
boundaries compromises the niobium irreversibly.

4.1.3. Flux penetration along GBs. GBs are segregation
sites for impurities, including hydrogen. The fact that the
first MO image (figure 1(b)) shows premature flux penetra-
tion along the boundaries suggests that the boundaries may

favor the formation of hydrides and hence, enable flux penet-
ration. Sung et al [19] observed flux penetration along LAGBs
in a deformed single crystal that exhibited hydride formation
along the boundary (at about 500–600Oe at 7–8K)while other
LAGBs did not trap flux. These LAGBs had hydride scars dec-
orating the LAGB with a precipitate free zone near the LAGB
(indicating that the LAGB was a trap or sink for hydrogen). In
the current study, where the material was not deformed, flux
penetration was observed along a LAGB where there were no
obvious hydrides (the obvious hydrides appear to be correlated
with surface scratches). Flux can be trapped in defect struc-
tures that are larger than the coherence length of supercon-
ducting electrons (about 40 nm [20]). It is not clear if the flux
penetration was due to the hydrides, dislocations generated by
forming the hydrides, or pre-existing dislocation accumulation
from deformation in the vicinity of the boundary, or inherent
to the low angle boundary structure.

4.1.4. Bulk flux penetration and trapping caused by hydrides
nucleated in the LAGB. The FC mode MO image in
figure 1(f) with a field twice as large as needed to cause trapped
flux in the GBs indicates that bulk flux trapping in Nb can
occur with a high enough field. Based upon microscopy in
figures 6–8, hydride damage is also present 150 µm below a
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surface exposed to hydrogen via polishing, though these sub-
surface hydride scars are smaller than scars on the original
surface. However, scars are usually larger and more prevalent
at the GB. Surprisingly, the scars are deeper in the bi-crystal
than in the single crystal shown in appendix figure A2, which
are only about 20–50 µm deep. Without prior deformation
or LAGBs, the lower number of defects that enable trans-
port and/or concentration of subsurface hydrogen may pre-
vent the formation of large hydrides within the bulk crys-
tal, and favor formation in a LAGB. Recent results also con-
firm that the LAGB and very fine grains with limited grain
growth lead to early flux penetration [55, 56]. Nevertheless,
the fact that bulk flux penetration occurs at lower fields follow-
ing annealing suggests that residual dislocations surrounding
scars and LAGBs within scars may facilitate bulk flux penet-
ration more easily than when hydrides are present, suggest-
ing that hydride scar dislocation substructure may facilitate
trapped flux more effectively than hydrides. It is possible that
local hydrostatic tensile strains resulting from dissolution of
hydrides (see figure 5 in [26]) may generate more dislocation
substructure upon reheating (by recovery into LAGBs) than is
present when hydrides are present.

4.2. Dislocations, hydride formation, and flux penetration:
does hydride formation cause multiplication of dislocations,
which provide sites for subsequent hydride formation and
flux penetration?

4.2.1. Hydride formation causes dislocation generation.
Large hydride scars (∼50 µm) on the original surface were
observed along both the HAGB (KAM map in figure 4) and
residual polishing scratches/scratch paths (figure 2) after the
first MO experiment, but not along the LAGBs. Both GBs
and high dislocation density regions beneath scratches [56]
can attract hydrogen atoms that form Cottrell clouds [57] and
facilitate hydride formation. The hydride scars observed after
chemical removal of 150 µm are smaller, indicating that the
hydrogen concentration decreases with depth into the bulk
Nb3. The dislocation structures in and near hydrides experi-
enced recovery after HT, leading to sub-grain formation within
the scars, as shown in ECCI images (figure 6 and appendix
figure A4). A high dislocation density provides a large recov-
ery driving force, which could explain the well-defined sub-
grains and higher EBSP IQ within the scars and the lower IQ
in the surrounding areas.

4.2.2. Dislocation networks, in turn, are preferred sites for
hydride re-formation. Despite the large number of hydride
scars associated with surface scratches, there is no correlation
between flux penetration and the distribution of these surface
hydride scars. In contrast, flux penetration shown in figure 3
indicates that trappedmagnetic flux occurred along the LAGB,
and HAGBs parallel to the field. Removal of the hydride scars

3 The 3D constraint (lack of a free surface) may also account for smaller sub-
surface hydrides in Sample I and Sample II after surface removal, than on the
original free surface of Sample II.

on the surface did not change flux pinning along the LAGB
in subsequent cryo cycles, so flux pinning at this LAGB is
not affected by surface hydrides. This suggests that subsurface
hydrides are more important.

Prior observations in Nb samples at higher temperature
and higher hydrogen concentration indicated that hydrides
form preferentially where they had been present in the past.
Using in-situ TEM, Schober directly observed hydride re-
precipitation at locations where hydrides had previously
formed during temperature cycling [33]. Also, Makenas and
Birnbaum [29] observed a large hydride that nucleated on a
LAGB during in-situ cooling to 77 K of a hydrogen charged
TEM foil. As the stochastic nature of dislocation glide and
cross-slip is not reversible, it is likely that the dislocation dens-
ity in these scars will increase with each cryogenic cycle if
hydrogen is present. As the critical current in GB regions did
not change much after HT (figure 3), this suggests that damage
in and near boundaries was not healed, and that degradation of
superconducting behavior could occur with each cryo cycle.
The ECCI images in figure 6 show high dislocation density in
and around the hydride scar after four MO cooling cycles and
two HTs. Hence, repeated cryogenic cycles would be expected
to result in locally complex repetitions of dislocation genera-
tion from formation and dissolution of hydrides.

In the present study, it is clear that hydrides formed at both
the LAGBs and HAGBs (figures 2 and 5). In the subsurface
volume, hydride scars are especially visible in the KAM map
in figure 4, which are smaller but more densely distributed
along part of the HAGB, but the scars are larger and more
scattered along the LAGBs near the HAGB, as well as some
distance from the HAGB. The smaller size of hydrides adja-
cent to HAGBs suggests that nucleation may be easier in the
HAGB, perhaps due to a higher density of stored hydrogen in
the defect structure, but growth is faster in the LAGB. Faster
growth in the LAGB will more quickly lead to plastic accom-
modation and generation of dislocations. The larger hydrides
in the LAGB may also be an important factor for pinning
flux, as it is clear in figures 3(i) and (iii) that the flux penet-
ration develops easily along the entire LAGB, but flux pen-
etration did not occur along the entire HAGB. Interestingly,
the scattered smaller hydrides throughout the grain interior do
not appear to be strongly associated with preferential flux pin-
ning, perhaps due to lower overall hydrogen concentration and
smaller sizes than on the LAGB (figure 5, and uniformly dis-
tributed in deformed single crystals in [19]).

One possible explanation for preferred hydride growth at
LAGBs is that when hydrides form at these boundaries, they
develop semi-coherent interfaces on both sides of the hydrides
and grow to ∼30–40 µm. In contrast, due to the larger mis-
orientation across the boundary, HAGB hydrides could be
semi-coherent on only one side of the hydride, and the higher
energy HAGB interface leads to easier nucleation conditions
that may account for them being only 1–5 µm. Hydrides in the
grain interior range from 5–30 µm. These conditions would be
expected to differ in deformed material, which would contain
a larger dislocation density. This is consistent with the well-
known (if poorly documented) phenomenon that cavity effi-
ciency tends to drop in deformed cavities [58].
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Figure 8. Depiction of dislocation arrangement in the LAGB that traps magnetic flux. Crystal directions are in red, sample X-Y-Z
coordinate system is shown in black.

4.2.3. Dislocation spacing in LABGs and recovered hydride
scars. Examination of the misorientation across the sub-
grain displaying the flux penetration shows that the bound-
ary is misoriented ∼2.1◦ (based on EBSD measurements)
about a crystal axis of [1 −1 −1.73] in the enclosed sub-
grain, which is close to the [1 −1 −2] axis. Expressed in the
sample coordinate system, this as-measured rotation axis lies
close to the sample Y-axis ([−0.031 0.992−0.126]) as shown
in figure 8. With this rotation axis, the portion of the LAGB
close to the HAGB (i.e. the segment nearly perpendicular to
the Y-axis) must be a twist boundary, which requires at least
two sets of screw dislocations with different Burgers vectors
(for example, see [59]), while the portion of the LAGB further
from the HAGB (and close to parallel to the HAGB) is a tilt
boundary, roughly parallel to the Y-axis. Tilt boundaries are
made up of one or more types of edge dislocations, but they
will all have the same line directions, parallel to the tilt axis.
In this tilt boundary section, the dislocations are arranged par-
allel to the boundary and roughly parallel to the surface, i.e.
perpendicular to the crystal surface normal of [−3 0 −1]. For
tilt boundaries, the spacing s of dislocations is a function of
the misorientation angle θ (in radians), given by

s=
b
θ

(3)

where b is the magnitude of the Burgers vector. Edge dislo-
cations with a [1 −1 −2] rotation axis have a Burgers vector
b= 1/2[1−1 1], with a magnitude of 0.286 nm. Consequently,
with this 2.1◦ misorientation, the dislocations are spaced about
7.8 nm apart in the tilt boundary in the through-thickness dir-
ection, as depicted in figure 8. As Nb is BCC, it is expected
that the twist portion of the boundary will be made up of three
different 1/2 <111> dislocations [59] with similar spacing to

the dislocations in the tilt portion of the boundary. The spacing
of these dislocations in the Z-direction will likewise be sim-
ilar to that of the tilt boundary, but more critically, will also
be significantly smaller than the ∼40 nm coherence length.
Furthermore, the LAGBs resulting from HT of hydride scars
cause LAGBs with similar misorientations, and hence, similar
dislocation spacings, so if a low angle boundary with hydrides
can trap flux, then recovered hydrides scars may also be able
to trap flux.

This work shows that if the hydrogen is eliminated from
the material using vacuum HT (which generates LAGBs in
hydride scars) the flux pinning is quite uniformly distributed
across the material, as evident in figures 3(ii) and (iv), and flux
penetrates at a significantly lower field, possibly due to the
widely distributed residual hydride scars containing LAGBs.
While both the LAGB and the HAGB showed very strong
flux pinning in the presence of non-superconducting hydrides,
it occurred at significantly higher magnetic fields. Surround-
ing the hydrides, there is no recovered LAGB structure, such
that the only LAGB substructure in the material would be in
LAGBs parallel to the field where hydrides are not present.

Clearly, the hydrides themselves play a critical role in
superconducting performance, as they interfere with the path
of superconducting electrons, but perhaps they are an indir-
ect cause of flux pinning. It is difficult to imagine how to dis-
entangle the interactions of hydrides, hydride scars, LAGBs
and HAGBs under superconducting/flux pinning conditions.
Thus, the specific underlying mechanisms for the flux pin-
ning at GBs is difficult to state with certainty. However, recent
systematic studies do indicate that a grain size or GB dens-
ity relationship with flux penetration behavior exists. These
studies show that flux penetration and expulsion is easier in
large grains resulting from grain growth to a size greater
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than 100 µm that may sweep out LAGBs, whereas penet-
rating flux gets trapped when the grain sizes are of a finer
dimension of ∼30–50 µm [55], in which the likelihood of
GB facets being aligned with the magnetic field would be
larger.

4.2.4. Overall assessment and new hypotheses. Overall,
the relationships between hydrides, dislocation networks, and
flux pinning are complicated and may (still) be inseparable
[60]. Advanced flux characterization methods with micro-
meter to nanometer level resolution would enable further
exploration of the influence of dislocations, hydrides, and the
related hydride [61] scars. Hence, hypotheses developed from
this study regarding the interrelationship between hydrogen,
dislocations, and flux trapping are provided to guide future
work:

• The small (<10 nm) dislocation spacing in LAGBs may
facilitate flux pinning [43].

• Hydrides may not cause flux pinning but the dislocations
generated by them and the reverse strain from their dissol-
ution result in high dislocation density that can recover into
LAGB networks with a HT.

• While HAGBs may hold more hydrogen and nucleate
hydrides more easily than LAGBs due to their more open
structure, large hydrides may grow more easily at LAGBs,
facilitated by a lower interfacial energy and rapid hydro-
gen transport from HAGBs via the dislocations comprising
LAGBs.

• Uniformly distributed damage caused by bulk hydride pre-
cipitation facilitates bulk flux penetration due to formation
of LAGB networks within hydride scars during HT, result-
ing in degradation of superconductivity that would decrease
cavity performance.

• Once hydride scars are present, they can only be removed by
a HT that causes motion of HAGBs (recrystallization/grain
growth).

• Hydrides may inhibit easy flux penetration flow as they are
insulating.

Clearly, further study is necessary to determine if these
hypotheses are correct and underpin general mechanistic beha-
vior. If so, this implies that recrystallization of cavities follow-
ing forming in order to remove LAGBs is desirable to reduce
trapped flux.

5. Conclusions

MO imaging results from one bi-crystal sample with both a
HAGB and a LAGB parallel to the magnetic field show flux
penetration associated with the position of the boundaries.
Flux penetration patterns are susceptible to hydrogen contam-
ination from the surface, which can be manipulated through
heat and surface treatment. This preferential flux penetration
can be turned on or off by introducing hydrogen and removing

hydrogen by HT. Larger hydrides (and hence, more disloca-
tion generation) form in low angle than HAGBs.

ECCI observations reveal that hydride formation during
cooling and subsequent reheating and dissolution causes signi-
ficant local dislocation multiplication, the networks of which
could in turn provide favored sites for hydride reformation dur-
ing subsequent MO cooling cycles. The relationship between
hydrides, dislocation networks, and flux pinning is complic-
ated and difficult to disentangle. The fact that the sample
shows bulk flux trapping in field cooled MO images indicates
that the bulk flux penetration was changed due to the damage
caused by hydride precipitation.

Nb is susceptible to hydrogen loading during polishing or
chemical milling, which leads to a high hydrogen content
that forms hydrides during cooldown. Hydride formation cre-
ates significant surface deformation of the Nb, and the dam-
age extends beyond tens of microns below the surface. The
plastic deformation created by the hydrides is not reversible
with an 800 ◦C HT. This work suggests that the formation of
LAGBs during Nb cavity manufacturing and surface prepar-
ation should be minimized and reinforces that hydrogen con-
tamination causes damage and that this damage cannot be eas-
ily healed.
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Appendix

This appendix presents information about measurements on
samples I and III that provide helpful context for the main
paper. Table A1 provides details for all three samples to facil-
itate comparison. The inclination angle of the GB is defined
as the angle between the GB plane and the sample surface.
In Sample I the GB inclination angle was uniformly 80◦, in
Sample II it varied from 90◦ (in the right 2/3 of the bound-
ary) to about 82◦ (in the left 1/3 of the boundary), and in
Sample III the GB is twisted, with an inclination angle that
varied from 84◦–90◦. The final thickness of the three samples
after vibratory polishing and a light BCP and before MO
observations is listed in table A1.
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Table A1. Sample size before MO imaging and GB characteristics.

Sample I II III

Diameter (mm) 2.86 2.84 2.89
Thickness (mm) 1.00 0.79 0.9
Misorientation (◦) 53 24 11
Inclination (◦) 80 82–90 84–90 (twisted)

Figure A1. Surface optical images (row 1) showing location of GBs on the top and the bottom surfaces (dashed line) and MO images in
ZFC, RF, and FC modes with values of temperature (T) and applied magnetic field (H) indicated (rows 2–4). The black circles indicate
locations where ECCI imaging was performed. The black rectangular outline indicates the area examined using EBSD, as presented in
figure 2. An extra ZFC image and the corresponding streamline map is shown for Sample III.
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Table A2. Summary of Magneto Optical imaging results at different stages of cryo-cycle and HT history of all three samples.

History Sample I (tilted GB) Sample II (‘fork’) Sample III (twisted GB)

1st MO
(cryo-cycle)

No preferential GB flux
penetration; finger-like flux
penetration from edge

LA, HA GB flux penetration
ZFC 8.7 K, 320 Oe, repeated
at 7.8 K, 560 Oe, slightly
less penetration

Partial GB
penetration
ZFC 8.7 K,
168 Oe in GB
oriented || field

ZFC 8.7 K, 104 Oe

Surface SEM after 1st MO Numerous hydride scars
(∼50 µm)

Numerous hydride scars
(∼50 µm)

Numerous hydride scars
(∼50 µm)

2nd MO after 800 ◦C
HT + N2 infusion (H
removed)

N/A Fork flux penetration not
observed; uniform
penetration from edge at
lower field
(ZFC 6.4 K, 220 Oe)

N/A

3rd MO after mechanical
polishing (H reintroduced)

N/A Fork flux penetration
restored (ZFC 7.8 K, 440 Oe)

N/A

1st ECCI after 150 µm BCP Small hydride scars
(∼3 µm); high density
dislocations in scars, no
LAGB (figures A3 and A4)

Smaller scars (∼20 µm);
high density dislocations +
many LAGBs in and near
scar (recovery)

N/A

2nd ECCI after HT and N2,
30 µm BCP

LAGBs and dislocations
observed in scar (recovery)
(figures A5 and A6)

N/A N/A

• MO results of all three samples

MO results are shown in figure A1 to enable comparison.
Sample I was cooled to 8.7 K in a zero-field mode (ZFC), fol-
lowed by application of an external field of 104 Oe. The ZFC
image in figure A1 shows flux penetration from the sample
edge as a bright ring, wherein no flux penetrationwas observed
along the GB with a 80◦ inclination angle from the surface.
After that, the external field was removed (next MO image) to
collect the RF image, which shows trapped flux as bright con-
trast. In order to obtain the FC image, the sample was reheated
above 9.3 K with no field applied, and then FC in an external
field of 400 Oe, followed by the removal of this field after the
temperature reached 8.7 K, when the FC image showed uni-
form bulk flux trapping (bright contrast).

In sample III, a similar MO imaging and cooling history
was used: the ZFC imaging shows preferential GB magnetic
flux penetration at 8.7 K after application of 200 Oe despite
the GB being tilted near the sample edges, where the GB is a
few degrees from parallel to the field. The middle part of the
GB is nearly parallel to the magnetic field and admits flux. The
RF image taken after the field was reduced to zero from 200
Oe shows trapped flux along the GB with different amounts
of trapped flux in the two segments of the boundary. The FC
image shows the trapped flux in the bulk, with no apparent GB
effect. The fourth column shows a MO image of Sample III at
a lower temperature and a high field with a similar flux penet-
ration pattern. The corresponding current streamlines clearly
show that the GB causes distortion to superconducting current,
which is curved along the GB.

Tables A2 and A3 compare the thermal cycling and HT
history of the three specimens, and how the MO imaging

compares with other characterized grain and sub-grain bound-
aries in prior work [19, 24].

• Hydride scars

SEM images of hydride scars are shown in figure A2 on a
single crystal niobium sample after MP and a MO cryogenic
cycle. MP loads the Nb surface with hydrogen, and resid-
ual dislocations resulting from coarser grit grinding may be
present beneath the surface. The top view (b) shows hydrides
with dendritic growth directions that vary, depending on the
grain orientations. Hydrides are formed on the sample sur-
face during cooling and extend into the Nb surface anywhere
between 20 and 30 µm, especially along sub-grain boundaries,
as indicated by the BSE contrast (c), indicating local rotations
caused by plastic deformation during hydride formation.

• ECCI and EBSD analysis of hydride scars in Sample I

Sample I was examined twice using ECCI, first after hydride
scars were formed from theMO experiment (cryogenic cycle),
then after the HT. The surface quality of Sample I after its first
MO cryogenic cycle was not sufficient for ECCI, so BCP was
used to remove 100–150 µm from the surface and still pre-
serve sample flatness for ECCI observations. Despite removal
of more than 100 µm, the subsurface of Sample I was still
covered with a large number of hydride scars, as shown in
the BSE image in figure A3, but they are about 3 µm in size,
∼6% of the size of the ∼50 µm scars observed in sample II
in figure 2 before the surface was removed. The EBSD maps
show a lower IQ at scars, indicating a higher defect content.
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Table A3. Comparison of MO imaging conditions with previous work [1, 2].

Sample GB surface inclination Misorientation MO results T and H

I ∼80◦ 53◦ Finger-like flux penetration from
edge

8.7 K, 104 Oe

II ∼90◦ HAGB, 22◦ HA and LA GB flux penetration 8.7 K, 320 Oe
LAGB, 2◦–3◦ Mostly LAGB flux penetration 7.8 K, 440 Oe (HT+MP)

III Twist that includes ∼90◦ 11◦ Flux penetration where GB is
parallel to field

8.7 K, 200 Oe

b∗ [19] Single crystal LAGB ∼ 0.5◦ LAGB flux penetration 7 K, 600 Oe
Inclination unknown 7.2 K, 400 Oe (HT)

d∗ [19] Single crystal LAGB ∼ 0.5 LAGB flux penetration 8.2 K, 520 Oe
Inclination unknown 7.2 K, 356 Oe (HT)

B∗ [24] Bicrystal 36◦ HAGB flux penetration 6 K, 320 Oe
Inclination ∼90◦

D∗ [24] Bicrystal 17◦ HAGB flux penetration 6 K, 800 Oe
Inclination ∼90◦

Figure A2. Top view (b) and cross section view (c) images of a
mechanically polished Nb single crystal sample after a cryogenic
cooling cycle. The surface scars are about five times as broad as
they are deep.

The KAM map shows that the scar caused about a 3◦ misori-
entation, consistent with the hydride scars observed in Sample
II (figure 2).

ECC images of the scar indicated by the red arrow
in figure A3 are shown in figure A4 under two different

channeling conditions. With g = (002−), the density of
individual dislocations increases toward the center of the scar,
where it is difficult to resolve individual dislocations. There
are regions with bright or dark contrast inversions in the
middle of the scar, suggesting subgrain formation. In some
areas around the scar, there is evidence of dislocation pile-ups
(red arrows). This is consistent with the plastic deformation
required by the hydride precipitation and dissolution. Mul-
tiple slip systems appear to have been activated; dislocation
B is visible for both imaging conditions, while dislocation A
with a ‘V’ shape is only visible for g = (002−), indicating that
A and B have different Burgers vectors. It is known that the
dislocations move out from the center during hydride forma-
tion but experience reverse motion during hydride dissolution
[30, 32]. The plastic deformation is not expected to be com-
pletely reversible, as the dislocations on multiple systems will
interact and entangle, resulting in local work hardening; many
of the GNDs are required to preserve the local orientation
gradient.

In order to evaluate the effect of HT on the evolution of
dislocation structures of the hydride scars in sample I, an
800 ◦C 3-hour HT was carried out followed by a brief BCP
etch (removing 30 µm) to improve the surface quality. The
ECCI images of a representative scar (figure A5) show fewer
dislocations in the middle of the scar and well-defined sub-
grains of∼1 µm, indicated by abrupt changes in contrast with
different contrast arising from different channeling conditions.
These boundaries are much sharper and more distinct than
before theHT in figureA4, indicating that dislocation recovery
occurred during the HT. As in figure A4, dislocation images
based upon different g vectors indicate that there are a vari-
ety of dislocations on different slip systems (e.g. dislocation i
is visible for both imaging conditions in figures A5(a) and (b),
while iii is invisible in figure A5(b)). Though significant recov-
ery occurred within the scar during the HT, when hydrogen
was expelled from the material, there is a generally lower
dislocation density but some dislocation pile-ups (red arrows)
surrounding the scar. The KAM plot in figure A6 of a differ-
ent scar shows a low value in the center, and higher values
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Figure A3. BSE image and EBSD scan of sample I before HT; the BSE image shows subsurface hydride scars after removal of
∼100–150 µm from the surface, the IQ map shows the low IQ scar (red arrow) examined using ECCI in figure A4, and the KAM map
shows about a 3◦ misorientation of the same scar. The location of this region is indicated by a black circle in figure A1 Sample I.

Figure A4. Sample I ECCI images under two different channeling conditions (g vectors represented by white arrows) of a scar on the
surface of sample I after MO, before HT. The orange arrow indicates a dust particle used as a landmark.
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Figure A5. Sample I ECCI images of a specific scar after 800 ◦C 3-hour HT under four different channeling conditions (g vectors) show
development of sub-grains with apparently fewer dislocations. The black box located at the same place in each image enables seeing most of
the same LAGBs in the same places.

Figure A6. Sample I ECCI image and EBSD maps of another hydride scar on the same surface as in figure A5 after 800 ◦C 3-hour HT. The
region of high IQ within the scar corresponds with low KAM, indicating extensive recovery within the scar, but not in the surrounding area.
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immediately surrounding it, indicating retention of GNDs sur-
rounding the scar.
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