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Abstract. High purity (RRR > 200), large grain (> 5-10 cm) niobium ingot slices have been successfully used to
fabricate radio frequency (RF) cavities for particle accelerators. They offer significantly reduced fabrication cost by
eliminating processing steps and furthermore they provide the opportunity to study the influence of individual grain
boundaries in SRF Nb. Here we summarize our measurements of grain boundary (GB) effects on the superconducting
properties of large grain high purity niobium sheet manufactured by CBMM. We show by magneto-optical (MO)
imaging that GBs allow premature flux penetration, but only when they are oriented close to the direction of the magnetic
field. However, even low angle GBs produced by minor deformations commensurate with half-cell forming produce
localized flux penetration. The transport properties of grain boundaries were investigated by direct transport across them
and evidence for preferential vortex flow along the GBs of SRF Nb was observed for the first time. Using transmission
electron microscopy (TEM) and micro crystallographic analysis with electron backscattered diffraction (EBSD), we were
able to quantitatively characterize surface substructures that can lead to localized thermal breakdown of
superconductivity. Important to these studies was the development of sample preparation techniques that made the cut-
out single, bi-crystal and tri-crystal Nb coupons as representative as possible of the surface properties of cavities
manufactured by standard techniques.

1. INTRODUCTION

Superconducting RF cavities fabricated from bulk niobium (Nb) can now achieve high quality factors (Qy), close
to theoretical limits (50 MV/m). In particular cavities made from large grain (LG; > 50-100 mm), high purity (RRR
> 200), Nb ingot slices have shown superior RF performance compared to equivalent polycrystalline fine grain (FG)
Nb (< 50-500 pm) [1]. LG cavities have also shown consistent RF performance with fewer cavity surface
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preparation steps. The most commonly used processing steps for SRF cavities include buffered chemical polishing
(BCP), electropolishing (EP), cleaning/rinsing procedures, and vacuum heat treatments. Most LG cavities are able to
achieve high fields > 35 MV/m, with BCP and without EP [2],[3]. While the EP process is generally used to provide
interior cavity surfaces with smoother topography and greater consistency, the standard acid-based EP injects
hydrogen into the Nb lattice or into local defects, resulting in normal-conducting hydrides leading to O, degradation,
and cavity quenches [4]. In addition EP is an expensive process compared to BCP, so understanding the differences
introduced by these two processes is important. Our studies using both EP and BCP samples have focused on the
nature of grain boundary (GB) properties that may be responsible for surface superconductivity and degradation.
Several mechanisms have been proposed to explain the role of GBs in RF superconductivity, such as magnetic field
enhancement at the topographic steps produced by chemical polishing of GBs [5], suppression of surface
electromagnetic properties [6], [7], enrichment of niobium oxides [8],[9] and hydrides [4], [10], [11] at the GB and
so on. However, in order to fundamentally understand the intrinsic and extrinsic GB properties, we have combined
superconducting characterization methods with material, structural and chemical analysis on samples with varying
surface properties typical of cavity fabrication processes.

SRF breakdown is determined on multiple scales, for example, from nano-scale regimes (penetration depth of
Nb, A ~ 40 nm), which contributes to the BCS surface resistance, R;, to sub-micron or micron scale defects that lead
to vortex penetration along defects, and GB networks leading to the onset of strong RF dissipation at localized
defects [12]. Our study aims to provide key insights to help understand the limitation in cavity performance that
appears at high RF field regime (B, = 100-120 mT), including the high field Q slope (HFQS)[13].

2. EXPERIMENTAL METHODS

2.1 Material- High purity Large Grain Niobium Ingot Slices

Peter Kneisel, Ganapati Rao Myneni and co-workers at TINAF (Thomas Jefferson National Accelerator Facility)
provided us with high purity (RRR > 250), large grain (> 5-10 cm) Nb sheets that were sliced from a cast ingot
fabricated at CBMM. The initial large grain size allowed us to isolate multiple single- and bi-crystal samples for our
investigations. Fig.1. shows a schematic overview of one of these slices: a large single grain is located at the center
of the slice; less than 20 grains lie within the slice. In this image we have overlaid red and cyan images of the top
and bottom of the slice so that the GBs appear thinner if there is no angular change from the top and the bottom (i.e.
they are closer to the surface perpendicular). The “thicker-appearing” GBs in this detail are inclined at ~15-30°
between the top and bottom surfaces. This gives us the ability to easily select samples with a range of grain
boundary orientations to the surface.

FIGURE 1. Schematic overview of the grain structure of the ingot slice received from TINAF (Thomas Jefferson National
Accelerator Facility). The right hand image combines top (red) and bottom (cyan) view images so as to provide a visual guide of
the slope of the GB to the sheet surface. The thicker regions shown by black arrows indicate larger angles (~15-30°) to the
normal, whereas the thinner regions indicate negligible slope across the thickness. Reprinted from AIP Conference Proceedings,
2011, vol. 1352 (pp. 143, FIGURE 1), copyright 2011 American Institute of Physics.



We also performed microstructural analysis on heavily deformed bi-crystal samples produced by Equal Channel
Angular Extrusion (ECAE) from Nb of RRR 170+10 using raw material obtained from Niowave. All the ECAE
processing was carried out at room temperature in the facilities at Texas A&M University (TAMU). Specific
samples were cut using wire EDM for electron-back scatter diffraction (EBSD), and orientation imaging microscopy
(OIM) analysis.

2.2 Magneto optical (MO) imaging

Magneto optical (MO) imaging is a valuable tool for viewing local and global flux penetration into a
superconductor. It uses the strong Faraday Effect in bismuth doped yttrium iron garnet (B-YIG) to measure the
change of vertical magnetic field component above a superconducting sample using a standard polarized light
microscope. The garnet imaging film is placed directly on the Nb so as to attain the highest possible sensitivity. The
technique is able to resolve fields of the order of 1 mT with ~ 5-10 um spatial resolution. A continuous flow
cryostat is able to cool a sample down to ~5 K, and two external electromagnetic solenoids can apply vertical (H,)
and in-plane (Hy) fields up to ~ 120 mT to the sample. A schematic illustration of this technique is shown in the
Fig.2 and it is described in detail in elsewhere [14], [15].

Typically we use two different modes of operation for MO imaging, ZFC (Zero Field Cooled) and FC (Field
Cooled). In ZFC, a sample is cooled down below T, in the absence of externally applied magnetic field, then at 7' <
T., a sample is visualized in the presence of an external field. Thus ZFC MO imaging shows perturbation of surface
superconducting properties. On the other hand, FC MO imaging shows perturbation of bulk superconducting
properties. In this case, a sample is cooled down below 7. in the presence of an externally applied magnetic field,
then at 7 < T, the sample is visualized after removing the external field. In this case, bulk defects/impurities like
GB’s, oxides, and normal conducting artifacts in a sample are typically visualized because they are external
magnetic field traps during field cooling. Schematic in Fig. 3 compares the difference between ZFC and FC modes
of operation.
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FIGURE 2. A schematic illustration of the magneto- FIGURE 3. The two viewing modes of MO images that enable global

optical (MO) imaging technique. It shows the geometry and local superconductivity visualization, a) the ZFC MO image
of the sample and the various layers of the film used for shows the surface properties of a superconductor, b) the FC MO
the observation of magnetic flux in a sample using the image shows the bulk properties of a superconductor.

Faraday Effect in a transparent magneto-optical layer in
a reflected mode.



2.3 DC transport measurement

Since the depairing current density, J, (~10° MA/cm?), at the grain boundary of bulk niobium is much higher
than typical vortex depinning critical current density, J, (~10 kA/cm?®) of the grain, direct transport measurements of
Jy are impossible. Therefore, we employed for the first time for Nb a technique that was developed for the
measurement of the degradation of the superconducting properties by high temperature superconductor (HTS) GBs
[16]. When a GB plane is aligned along the external magnetic field direction, the GB fills with Abrikosov-Josephson
(AJ) vortices while the grains contain only Abrikosov (A) vortices. These GB AJ vortices have an expanded normal
core whose DC flux flow resistance (Ry) is a specific function of the perpendicular magnetic field. Since, Ry saturates
at field H,, and the normal cores overlap (H > H,), the GB depairing current density, J;, can be obtained by fitting
the observed R{H)[17], [18]. This technique, through the measurement of the V-I response, is able to provide the
key parameter, the departing current density that controls the RF properties from a DC measurement. For this
measurement we used 1 T (Tesla) electro-magnet which has very low remnant field value. This is an important
consideration for Nb due to the high paramagnetic property, and low critical magnetic field, H.; ~ 80 mT at 2 K.

3. RESULTS

3.1 Premature flux penetration along the grain boundary

Our initial study using MO imaging [19] shows that a GB in a Nb bi-crystal preferentially admits magnetic flux
when the GB is aligned parallel to the vector of the external magnetic field. Figure 4 shows a light microscopy
surface overview (center), 3D model morphology of GB plane (bottom), and ZFC MO images (top) of bi- (left) and
tri-crystals (right) isolated from the Nb ingot slice and given minor BCP treatments. The 3D GB plane morphology
was reconstructed with ImageJ plug-in based on the superimposed scanned top and bottom surface images of the
samples [20]. As seen in Fig.4, the bi-crystal has a perpendicular GB plane with respect to the coupon surface, while
the tri-crystal has more complicated GB structures. For MO imaging, the external magnetic field is applied normal
to the sample surface, so that magnetic fields lie on the GB plane of the bi-crystal. However, in the case of the tri-
crystal, external fields do not lie on the GB plane.

ZFC
T=5.5K
H=120 mT

FIGURE 4. Surface optical image (center), 3D grain boundary morphology model (bottom), and ¢) zero field cooled (ZFC)
magneto optical (MO) image (top) of a) bi-crystal and b) tri-crystal isolated from the Nb ingot slice MO image of the bi- and tri-
crystals were taken at T = 5.6 K with H, = 84 mT, T = 5.5 K with H,,, = 120 mT, respectively. The GB morphology model of
the sample was reconstructed [19] with an Image J plug-in based on the superimposed image of the top and bottom surface of the
sample.



3.2 Angular effect on GB flux penetration

We further investigated the angular effect on the GB flux penetration by varying the angle between the
externally applied field, H. vector and the GB plane. We cut out a small sample of nominal dimensions 1.15 mm x
2.61 mm x 2.5mm from the center of the bi-crystal (1.15 mm x 2.61 mm X 2.5mm) with a precision diamond saw,
and then the mechanically damaged layers were removed using a traditional BCP treatment (~100 pum layer
removed). Although the GB plane of this smaller bi-crystal sample was tilted at ~ 24° to the original surface, it was
possible to make it almost perpendicular to a new surface after rotating the sample by 90°, thereby, allowing H.y to
lie in the GB during MO imaging. Fig. 5 shows a schematic representation of this rotation which makes the tilted
GB plane perpendicular to the top surface. In this state, flux preferentially penetrates along the grain boundary at
H =80 mT, T = 6.4 K, as shown in the MO image of Fig. 6(a). But, unlike the previous MOI in Fig.4, this flux
penetration is not symmetrical. Furthermore, bulk current flows across the GB uniformly appear as indicated by the
FC image, suggesting that there are no defects to cause perturbation of circulating superconducting currents. The
difference between the ZFC and FC MO images is similar even after all surface topological features associated with
the GB (i.e. the ~10 um deep groove at the GB) is removed by coarse mechanical polishing (see Fig. 6b). The
implication is that any degradation that occurs at the GB is highly localized to the surface, and the intrinsic GB
properties lead to the preferential flux penetration.
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FIGURE 5. Schematic representation of the GB sample that was originally tilted with respect to the MO imaging direction after
rotating by 90° so that the GB is now aligned perpendicular to the top surface and thus parallel to the applied field. Reprinted
with permission from AIP Conference Proceedings, 2007, vol. 927 (pp. 115, modified FIGURE 2), copyright 2007 American

Institute of Physics.

3.3 The effects of surface chemical treatments on GB flux penetration

In this study, we compare the flux penetration behavior after BCP and EP processing of niobium bi-crystals
again using MO imaging, and we correlate the penetration with surface topological features examined by contact-
less laser scanning confocal microscopy (LSCM). A bi-crystal that has a perpendicular GB plane was selectively
treated by BCP (~60 um layers removed) and EP (~2h, 12V, ~60 um removed). Unlike the smooth surface of the
EP’ed bi-crystal, the BCP produced a deep (~5-7 um) and highly inclined (~25-30°) groove at the grain boundary
and local corrosion pits on either sides of the grain surface. Nevertheless, ZFC MO images of these two BCP’ed and
EP’ed bi-crystals (He lies in the GB plane) in Fig. 7 show preferential GB flux penetration from both sides of the
grain boundary. Also FC images do show clear evidence of bulk current perturbation at the GB. Dendritic flux
penetration and dark spots in the MO image on the BCP’ed bi-crystal also suggests the influence of defects on flux
penetration.
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FIGURE 6. a) Conventional optical and MO images for a small coupon cut-out from a bi-crystal region. The GB plane in this

sample has a tilt of ~2.84° away from the surface normal. The light microscope (LM) surface image shows a distinct deep and

sharp GB groove produced by ~100 min BCP (~100 um layer removed). b) LM and MO images after mechanically smoothing
with SiC abrasive paper (~10 pum size particles). Asymmetric flux penetration along the GB is indicated by the red arrow.

a) BCP’ed

ZFC T=6K

FIGURE 7. Surface optical image (top), 3D surface topology image (bottom), ZFC and FC MO images for (a) the BCP’ed bi-
crystal and (b) for EP’ed bi-crystal. Surface topology of both bi-crystals were evaluated by SLCM (scanning laser confocal
microscope). Red arrows in the MO image indicate the locations of preferential flux penetration along GBgcp and GBgp and blue
arrows in the FC mode image indicate bulk current perturbation at the GBs. [15] Reprinted with permission from AIP Conference
Proceedings, 2011, vol. 1352 (pp. 145, FIGURE 2). Copyright 2011 American Institute of Physics.



3.4 GB flux penetration by DC transport V-I characterization

We investigated the grain boundary properties of Nb bi-crystals by applying DC transport V-I measurements
developed for characterizing intrinsic GB properties and the GB depairing current density, Jy,,gs, of HTS YBCO thin
films [16]. For this study, dog bone (I) single and bi-crystals were extracted from the ingot slice with wire-EDM.
Since high purity (> 250) bulk niobium has only a ~20 mT vortex domain (H,; = 180 mT < H < H, = 200 mT), it is
difficult to precisely evaluate the change of flux pinning at the GB in response to external field variations, to
increase sensitivity mechanical thinning is needed to reduce the original H,; further away from H,, from which
vortices were able penetrate the sample at earlier external field. After reducing the sample thickness, the samples
were BCP processed in order to eliminate mechanically damaged layers and have surface features representative of
typical SRF cavities.

Figure 8 compares the V-J characteristics of the BCP’ed single- and bi-crystals for magnetic field applied
perpendicular to the surface and thus almost in the plane of the GB. All tests were performed at 4.2 K in a liquid
helium bath to ensure maximum cooling. The log V-J curves (a) of the single crystal are quite typical
superconducting transitions, except for the highest /. transitions found at the lowest field ~ 50 mT, where we believe
some current transfer resistance effect is present. At higher fields, the curves all show a smooth and progressive
increase as general flux flow occurs around /.. This behavior indicates that there is no preferential flux flow channel
in the single crystal. In strong contrast, the log V- J curves (b) of the bi-crystal, though single-crystal-like for H., <
80 mT, then show a marked change, exhibiting clear evidence of a new transition at much lower /.. As the transport
current is raised, the voltage V increases steeply, and then develops a smooth transition to the characteristics seen in
the single crystal at higher current. This V-I response is produced by preferential flux flow along the grain boundary
in the range H.,, = 80-300 mT at much lower currents causing vortex motion within the grains on either side of the
GB. These characteristics define an inter-granular critical current, f,, well below 1., while the displaced ohmic
dependence V' =1 (I-I,)'R at I = I, defines R(H), the excess GB resistance [17],[18].
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FIGURE 8. a) Log V- J characteristics at 4.2 K of a BCP’ed (a) single crystal and (b) bi-crystal, which has a 26° crystallographic
misorientation angle at the grain boundary, as a function of the external DC magnetic field. These crystals were extracted from
large grain Nb sheet with wire-EDM and then were BCP’ed for ~50 min to remove ~ 50 pm of cold-worked top layers after
mechanically thinning up to ~100-120um thick, then additionally BCP treated for ~50-70 min in order to further reduce their
thickness. The GB plane is almost perpendicular to the sample surface. The GB has a deep and sharp GB groove on both sides
(top and bottom surface) that locally reduces the sample thickness by ~ 25%. Reprinted with permission from AIP Conference
Proceedings, 2011, vol. 1352 (pp. 145, FIGURE 3). Copyright 2011 American Institute of Physics.

3.5 Microstructural features at the BCP’ed GB region

Transverse cross-sectional views of the GB in the BCP’ed Nb surface as prepared by the FIB (Focused Ion
Beam) technique are shown in Fig. 9. In Fig. 9a, the TEM lamella is in the on-edge condition in which an electron
beam is aligned parallel to the vector of the sample thickness. Fig. 9b was obtained with electron beam along the
[011] zone axis on the right hand side grain. The double protective Au-Pd caps (dark contrast) help us to easily



distinguish the surface oxide structures from the Nb matrix. These bright field (BF) TEM images show clearly the
niobium oxide structure at the vicinity of the grain boundary. Away from the GB the oxide layers are uniformly
thick on each grain surfaces (~5-7 nm thickness), but this thickness increases to up to ~18 - 22 nm at the intersection
of the grain boundary region with the surface.

nm thick niobium-oxide layers produced by the BCP treatment at the interface between the niobium matrix and the Au-Pd
protective layer.

3.6 Preferential flux penetration in single crystal after very low strains

We have also investigated the suppression of superconductivity relative to dislocation formation by light cold-
work deformation in collaboration with Michigan State University (MSU). Plan-view grain orientations of high
purity (RRR>200) Nb crystals of nominal dimensions in the range of 5-10 mm visible in ingot slices were evaluated
using a Laue camera. Flat (dog bone) tensile specimens with strategic orientations were extracted from crystals of
known orientation and deformed in uniaxial tension to a strain of 5% at MSU. The anticipated type and
characteristics of dislocations created during plastic deformation were estimated from Schmid factor analysis and
experimental orientation change measurements at MSU [21]. The minimally deformed tensile specimen was cut into
smaller coupons of cross section 2.5 mm x 2.5 mm, and thickness 1.5 mm suitable for magneto-optical (MO)
imaging. Optical image of Fig. 10a shows surface features of the sliced small coupon, which were prepared by
gentle mechanical polishing and post 30 min BCP treatment. BCP clearly revealed low angle grain boundaries
(LAGBs) produced during the application of tensile strain. In Fig. 10, a ZFC mode MO image shows premature flux
penetration, and FC MO images show trapped flux at normal conducting defects. These results indicate that LAGBs
in single crystals produced by minor cold work deformation such as that used to shape the cavity half cells could be
favorable impurity (i.e. NbH,) segregation sites.

boundary (GB) trace
revealed by BCP

FIGURE 10. a) LM surface image, b) ZFC (zero field cooled) MO, and c) Remnant (trapped flux) after removing external field
in condition “b)” MO images of a single Nb coupon from the 5% uniaxial tensile tested single crystal.



3.7 The role of the intrinsic grain boundary after large mechanical deformation

Processing a Nb (RRR 170) bi-crystal through a single Equal Channel Angular Extrusion, ECAE, [10] pass
imparts a shear strain of 1.14, while a second deformation pass leads to a cumulative strain of 2.28. In terms of
equivalent rolling reductions these samples correspond to strains of 69%, and 90% [22]. These strains are of the
order of rolling reductions that cavity grade FG Nb undergoes during rolling [23], and seamless Nb tube forming
(see pg. 95, Appendix 4: Hydroforming [24]). Our preliminary results presented below indicate that these deformed
samples could be ideal candidates to investigate the variations in dislocation structures, effect of initial GB’s during
heavy deformation of SRF Nb, and co-relate them to the extrinsic properties.

The complete analysis of the ECAE’ed Nb bicrystal was accomplished by micro-crystallography by
FESEM/OIM. The main results are summarized as follows: Figure 11 (a-c) provides an overview of the deformation
character after two ECAE passes. The initial bi-crystal has minimal in-grain orientation gradients with a 48 + 1°
misorientation between the two crystals indicated by the misorientation line profile (MLP) in Fig. 11a. After ECAE,
the bi-crystals show very heterogeneous deformation as depicted by the Inverse Pole Figures (IPF) in Fig. 11 (b-c).
The bicrystal misorientation increases after the 1* ECAE pass from 48 £ 1° to 54 + 3°. This indicates that there is a
GB affected region in each grain where the differences in shear deformation are accommodated by local orientation
changes [25] as well as dislocation pile ups [26]. On increasing the strain from 1.14 to 2.28 by the 2" ECAE pass,
the misorientation of the two deformed crystals decreases to 44 + 2° (as shown in Fig. 9¢). The implication is that
the two crystals are reorienting to favorable orientations (green in IPF) which in this case corresponds to a specific
{111} direction parallel to the simple shear direction (SSD).
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FIGURE 11. Microstructure of RRR 170 Nb bi-crystal around the GB region as represented by IPF’s, and line misorientation
profiles in the extrusion direction under different conditions: a) as received, b) after one pass ECAE (strain=1.14), and c) after
two pass ECAE (strain =2.28). The red arrow indicated the direction of simple shear direction during ECAE.

4. SUMMARY AND CONCLUSIONS

High quality large grain Nb ingots have allowed us to sample individual grains (single crystals) and grain
boundaries (bi-crystals and tri-crystals) for detailed analysis of their properties. By processing these Nb coupons
using standard cavity processing procedures we are developing an understanding of the impact of GB’s on
properties relevant to RF cavity operation. To characterize these samples we have been developing a broad range of
material microstructure and electromagnetic characterization techniques such as: magneto-optical imaging, transport



V-I measurements, EBSD-OIM, and TEM. The results of these techniques confirm that grain boundaries in Nb are
an intrinsic local defect (not just the source of topological changes) that can significantly suppress both local and
bulk superconductivity. This degradation of superconductivity at the GB could become dominant if deformed
structures are produced by mechanical fabrication and combined with chemical surface treatment. However, this
localized GB weakness is only observed if the direction of the external magnetic field lies close to the GB plane.
This sensitivity to orientation may help explain why not all GBs are deleterious to cavity performance.

Our recent micro-crystallographic studies [27] on deformed SRF-grade Nb indicate that the GBs are preferential
sink sites for dislocation movement and impurity diffusion and that there is incomplete recrystallization and surface
recovery within ~3-5 pm surface depth even after 800°C heat treatments. Thus the mechanical history of the Nb
half-cell may influence the level to which GBs may deteriorate the surface RF superconductivity of Nb cavities,
especially in the HFQS regimes.

In addition, MO imaging analysis on minimally deformed single crystal, with small strain levels indicate that not
only do traditional GB’s but low angle grain boundaries (LAGBs) generated during deformation composed of
dislocation substructures can preferentially cause external magnetic flux penetration. Our preliminary analysis
shows a high density of niobium hydrides segregated at LAGBs, which could cause premature breakdown. Although
our application of transport V-/ measurements indicated preferential AJ flux flow along the GBs of SRF Nb, we
have not yet achieved the highly desirable goal of extracting the GB depairing critical current density, Jy 4, from the
V-I curves. This may be because of the difficulty in producing an optimum sample geometry while retaining an
undamaged SRF-relevant surface quality.

Studies are currently underway to develop samples with specific deformation structures, new sample preparation
techniques to provide TEM samples with micro-chemistries and structure representative of SRF cavities, and OIM
characterization, and most importantly developing advanced techniques to relate superconducting properties with
material microstructures and dislocation substructures.
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