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Large grain niobium (Nb) is being investigated for fabricating superconducting radiofrequency cavities
as an alternative to the traditional approach using fine grain polycrystalline Nb sheets. Past studies have
identified a surface damage layer on fine grain cavities due to deep drawing and demonstrated the necessity
for chemical etching on the surface. However, the origin of and depth of the damage layer are not well
understood, and similar exploration on large grain cavities is lacking. In this work, electron backscatter
diffraction (EBSD) was used to examine the cross sections at the equator and iris of a half cell deep drawn
from a large grain Nb ingot slice. The results indicate that the damage (identified by a high density of
geometrically necessary dislocations) depends on crystal orientations, is different at the equator and iris,
and is present through the full thickness of a half cell in some places. After electron backscatter diffraction,
the specimens were heat treated at 800 °C or 1000 °C for two hours, and the same areas were reexamined.
A more dramatic decrease in dislocation content was observed at the iris than the equator, where some
regions exhibited no change. The specimens were then etched and examined again, to determine if the
subsurface region behaved differently than the surface. Little change in the dislocation substructure was
observed, suggesting that the large grain microstructure is retained with a normal furnace anneal.
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I. INTRODUCTION

High purity niobium (Nb) has been used to fabricate
superconducting radiofrequency (SRF) cavities for particle
accelerators over the past couple decades. SRF cavities
can be formed by deep drawing slices directly cut from Nb
ingots with large grains, as an alternative to the well-
established technique using rolled fine grain polycrystalline
Nb sheets. Thus far similar accelerating gradients have been
achieved from both approaches [1–3]. Large grain ingot
slices deform less uniformly than fine grain sheets, leading
to problems such as thickness variations and ridges at grain
boundaries in deep drawing, which may affect cavity
performance. There are ongoing interests in the SRF
community in relating the unique forming and metallurgical
properties of large grain Nb to cavity performance [4,5].
The deformation behavior of large grain Nb in deep

drawing is complicated and current understanding is incom-
plete. Baars et al. assessed the effect of crystal orientation on
deformation uniformity by studying uniaxial tensile

deformation of Nb single crystals directly extracted from
an ingot [6]. Another relevant issue is the surface damage
due to the friction effects from the die in deep drawing.
Kneisel et al. identified the dependence of achievable
accelerating gradients on the amount of material removed
from a cavity surface [5,7] (Fig. 1). The thickness of the
surface damage layer was estimated to be 100–200 μm.
Therefore, removing surface material from deep drawn
cavities has become normative for the SRF community.
However, the underlying mechanisms for surface damage
have not been clearly identified. Besides, the prior study was
done on fine grain cavities, and large grain cavities provide a
method to assess surface damage, since there are few
boundaries that obscure the surface damage effects.

FIG. 1. Dependence of achievable gradients on the amount of
material removed from the surface of a fine grain cavity [7].
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Dislocations in a crystalline material exist in two forms
[8,9]. Geometrically necessary dislocations (GND) account
for the lattice curvature arising from an unbalanced
population of dislocations of one sign within a grain.
Such orientation gradients can be revealed by plotting
a local average misorientation (LAM) map, in which
larger LAM values correspond to higher GND content.
Statistically stored dislocations (SSD) are slightly displaced
dislocation pairs of opposite signs that do not contribute to
the net orientation gradient. When there are adequate
driving forces such as an elevated temperature, neighboring
SSDs with opposite signs can move towards each other and
annihilate. SSDs are not revealed by LAM maps.
Romanenko et al. identified a correlation between large

LAM values and the “hot” regions of cavities [10,11].
The temperature increase from local heating increases the
fraction of normally conducting electrons, so any potential
sources for the heating need to be minimized. A proposed
explanation for the local heating is that dislocations vibrate
with passing phonons and disperse them, thus slow down
thermal conduction [4]. Dislocations can also affect cavity
performance if they pin magnetic flux centers, resulting in
irreversibility of magnetization curves [5]. These adverse
effects of dislocations necessitate a heat treatment for
recovery or recrystallization after deep drawing.
SRF cavities are typically given a heat treatment after they

are welded together. Various schedules have been used in
the SRF community [12,13], such as 600 °C for 10 hours,
800 °C for two hours, and 1000 °C for two hours, and no
consensus has yet been reached as to which one is the most
beneficial for cavity performance. While it is commonly
understood that heat treatments eliminate dislocations by
mechanisms of recovery/recrystallization, it is desirable to
obtain a more quantitative understanding about dislocation
removal. Also, Chandrasekaran et al. found that a heat
treatment temperature above 800 °C usually leads to signifi-
cant recovery of the phonon peak on strained single crystal
and bicrystal specimens, and that 1000 °C may be an optimal
temperature for recovering the phonon peak [14,15].
A thin and stable pentoxide layer tends to form on the

surface of Nb upon air or water exposure. While the oxide
itself does not greatly degrade the superconducting proper-
ties of Nb, the interface between the oxide layer and Nb can
absorb contaminants such as hydrogen [16–18]. It has been
observed that a vacuum heat treatment at above 500 °C is
effective in dissolving the surface oxide into the bulk [19].
In this paper (an extended version of [20] presented at

SRF 2013, with updated results and a more detailed
discussion), the development of dislocation substructure
was examined using electron backscatter diffraction
(EBSD) on specimens extracted from excess material
removed from large grain cavity halves at the equator
and iris. Following typical cavity fabrication processes, the
deformed samples were heat treated at 800 °C or 1000 °C
for two hours and characterized again after the heat

treatment. Since cavities are commonly etched lightly after
the heat treatment, the surface was similarly etched to
assess whether removing a thin surface layer revealed any
difference in the dislocation substructure.

II. MATERIALS AND METHODS

Samples were cut from two rings trimmed from the
equator and iris using electrodischarge machining (EDM)
of a large grain cavity half cell prepared at Thomas
Jefferson National Accelerator Facility (Newport News,
VA). Two specimens were extracted from the equator ring,
and one from the iris ring, as shown in Fig. 2. All three
specimens contained a grain boundary and geometrical
earing (heterogeneous deformation) features associated
with the grain boundary, where the resistance to thinning
resulted in more of a drag force. The cross sections of
the specimens represent surfaces that would eventually be
welded to other half cells. These surfaces were hand ground
using SiC abrasive paper to remove the EDM recast layer.
The relatively smooth EDM finish enabled use of fine
abrasive paper to minimize damage from grinding, starting
with grit 1200 (particle size∼15.3 μm) and ending with grit
4000 (particle size ∼2.5 μm) [21]. After grinding, the
specimens were given a light chemical etch that removed
another 10 μm of material to provide a surface suitable for
EBSD analysis using a scanning electron microscope. The
buffered chemical polishing (BCP) solution was a mixture of
phosphoric acid, hydrofluoric acid and nitric acid in the ratio
of 1∶1∶2, which is commonly used for SRF cavities [22].
EBSD is a well-established technique for acquiring

crystal orientations, in which electron beams are focused
onto a flat crystalline sample whose surface normal is tilted

FIG. 2. Locations where the three specimens were extracted
from a half cell provided by Jefferson Lab. Grain boundaries
(GB) and a neck are indicated in the blown-up images on the left.
Numbers mark roughly where each EBSD scan was done on the
equator/iris (in cross reference with Fig. 4). The concave side is
the inside of a cavity, and the opposite is the outside.
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70° from the beam axis. Electrons scattered by the
sample in the backward directions form intersecting bands
(Kikuchi patterns) on a fluorescent screen (the EBSD
detector). Through a Hough transform, these patterns
can be converted into crystal orientations [23,24]. In this
paper, a CamScan 44 FE scanning electron microscope
operated at 20 kV was used for acquiring EBSD data, with
a working distance of 33 mm and an exposure time of
0.04 s for each pattern. The step size used for all scans was
20 μm. The data were cleaned up using a single iteration of
grain dilation and grain confidence index (CI) standardi-
zation with a minimum grain size of 3, and pixels with
CI > 0.1 were used to draw the orientation maps.
After EBSD measurements were made, the iris speci-

men, and one of the two equator specimens were given an
800 °C=2 h heat treatment in a dedicated vacuum furnace
for Nb, while the other equator specimen was heat treated at
1000 °C=2 h. For the 1000 °C heat treatment, titanium was
used as a getter to minimize uptake of hydrogen and
oxygen into Nb. The same areas were scanned again to
identify the effects of heat treatment on the surface damage
layer. After that, the specimens were etched using BCP to
remove another 10 μm material from the surface, and the
same areas were examined again to identify changes that
occurred in the subsurface region.
Various analyses can be performed with an EBSD data

set, one of which is based on the LAMmethod. For a given
point, LAM reports the average misorientations between all
of its neighboring points surrounding a specified kernel, as
illustrated in Fig. 3 for the second nearest neighbor
sampling area [25].
LAM results can be presented in the form of a gray scale

map or a histogram. In an LAMmap, each EBSD data point
is assigned a certain shade of gray between white and black,
corresponding to misorientations from 0º to a user defined
maximum value. In an LAM histogram, the angular range
of misorientations is divided into small user defined bins,
and the number of misorientations in each bin is counted,
which then determines the number fraction for each bin.
The image quality (IQ) of EBSD patterns is another

indicator of defect content [25]. The IQ parameter is the
sum of detected peaks in the Hough transform of a pattern,

which is a component of indexing EBSD patterns. Any
distortions to the lattice within the diffracting volume will
produce diffraction patterns with lower IQ. As the most
dominant type of defects in a crystal, dislocations can be
qualitatively assessed by an IQ map, where darker areas
indicate a higher dislocation density. However, IQ is
affected by both GNDs and SSDs while LAM only reflects
GNDs. Other factors such as grain boundaries and surface
contamination will also reduce IQ. Furthermore, IQ can be
affected by EBSD imaging parameters that are often differ-
ent for each scan, may vary smoothly over the area of the
scan, and will differ from grain to grain (due to different
amounts of backscatter electrons). Thus, the IQ map is
informative when interpreted as a relative quantity within a
given scan, but less so when comparing between scans.
Similar to LAM maps, IQ maps are presented in a gray

scale that varies linearly from black, the minimum IQ on a
map, to white, the maximum IQ on a map—which differs
for each scan. In the following section, both LAM and IQ
maps will be used to assess total defect content.

III. RESULTS AND DISCUSSION

Figure 4 shows the secondary electron images for the six
cross-sectional areas where the EBSD scans were per-
formed. The specimens were mounted such that the outside
of the cavity always faced upwards. Normal direction
orientation maps, LAM maps and IQ maps are shown in
Figs. 5 and 6 for the equator and iris, for the locations
identified in Fig. 4, with the as-deformed maps above,
annealed in the middle, and etched on the bottom for each
region. On the orientation maps, low and high angle grain
boundaries are marked by white (3°–15°) and black (>15°)
lines. The LAM maps are shown using the second nearest
neighbor sampling area (as in Fig. 3) and a gray scale from
white (0º) to black (2º). For easy comparison, orientation
maps, LAM maps and IQ maps from matching areas are
shown adjacent to each other.

FIG. 3. LAM calculations using the second nearest neighbor
sampling area—for the point at the center, average the misor-
ientations between all of its neighboring points connected by the
short white lines surrounding the kernel [25].

FIG. 4. Secondary electron images for the six cross-sectional
areas examined by EBSD. Grain boundaries and the neck are
marked in accordance with Fig. 2. The numbering is also the
same as Fig. 2.
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Significant orientation gradients are evident by the large
changes in color over distances of 100–200 μm in the
orientation maps. The dark regions on the LAM maps near
the surface indicates larger LAM values than the light
regions in the bulk, which is evidence for surface damage.
The orientation maps with grain boundaries show that the
magnitude of damage depends on grain orientations. For
example, Equator 2 in Fig. 5 shows that LAM values on the
outside surface are greater in the right grain than in the left;
the difference is even larger after heat treatment. The heat
treatment reduced the magnitude of orientation gradients
inside the material, as the color became lighter, which
represents a more perfect crystal. However, it hardly
changed the orientation gradients near the surface. From
the IQ maps, surface contaminations, grain boundaries, and
artifacts such as residual deformation from scratches are
readily visible.
From the shape change in the iris and equator, the

equivalent strains are different. The iris experienced hoop
tension and bending that reached an equivalent strain of
about 40%. Based on continuum FEM simulations of the
forming process for cavities with similar geometry [26], the
equator experienced a more complex history involving
hoop compression and bending to an equivalent strain of
about 20%. The difference between the equator and iris
LAM maps in Figs. 5 and 6 is consistent with the larger
strain in the iris; prior to heat treatment, the equator scans
have large areas that are light gray, while the iris scans are
dominated by darker shades of gray. However, the larger
dislocation density in the iris provided a greater driving
force for recovery, which can account for the more dramatic
color change for the iris specimen after the heat treatment.
No evidence for recrystallization, i.e., emergence of new

orientations, was observed after the heat treatment. This
suggests that conventional furnace heating facilitates recov-
ery and prevents recrystallization in deformed large grains.
In contrast, previous studies on electron beam welding of
deformed single crystals [4,27–29] showed that recrystalli-
zation occurred in the heat affected zone adjacent to the
weld, leading to a different grain size on either side of the
weld. The rapid heating rate apparently reached the recrys-
tallization temperature before too much recovery took place,
so that the stored dislocation defect energy was available for
nucleation and growth of recrystallized grains.
Furthermore, high LAM values are located near the

surface after heat treatment in all areas except on the outside
of the iris to the left of the grain boundary in Iris 3, where the
left grain was strained (thinned) more than the right grain. In
the regions that did not initially have high surface LAM
values, they remained unchanged after annealing (with the
notable exception of Equator 2 in the left grain, where
removal of 10 μm revealed much higher LAM values).
The heat treatment also led to removal of defects on the

initially polished surface in some cases, notably the
orientation gradients that were the remnants of a scratch

from left to right in Equator 2, which disappeared after the
heat treatment. However, what appeared to be similar
scratch features in Equator 3 just above the center did
not completely disappear with heat treatment, and the same
feature with a wider breadth of misorientation was present
after removing 10 μm, which implies that this feature is a
long range defect structure that formed during deformation
and was stable through the heat treatment.
The grain boundary in Iris 1 in Fig. 6 apparently

developed during deformation. This boundary has the
highest misorientation at the inner surface, and disappears
with distance toward the outer radius. Since the boundary
has large LAM values as indicated by the dark color, it
appears to be a result of polygonization [8], which lead to a
low-energy configuration of dislocations where disloca-
tions line up with each other with a regular spacing in a
direction inclined to the slip plane. This implies that a larger
bending strain occurred during deep drawing at this
position to cause an unbalanced population of dislocations
of one sign to form the low angle boundary.
The formation of the low angle boundary at this

particular position of the iris may be a consequence of
the changing driving force for dislocation activities with
respect to the crystal orientation, as the hoop stress is in a
different direction at every position in the original large
grain. It is also possible that a preexisting low angle
boundary became a trap for dislocation accumulation that
led to the formation of a sharper boundary. Evidence for
this possibility is visible in the Iris 2 maps, where a very
low angle, nearly vertical boundary to the left of center is
present. This boundary is evident as a subtle color change
in the EBSD map in the same place in all three locations,
but it is not evident in the as-deformed LAM map due to
high LAM values that obscure the low angle boundary.
A close inspection of the orientation maps indicates that

there is sometimes a slight migration of grain boundaries at
each stage. For example, the jog in the boundary in Equator
1 in Fig. 5 is at a different location in the as-deformed and
heat treated maps, and is not present in the etched map. This
suggests that the driving force (primarily plastic strain) for
recovery was not homogeneous, such that the defect removal
occurred at different speeds in various parts of the material.
After BCP, the LAM values became higher in several

cases, an example of which is shown in the upper third of
the left grain in Equator 2 (Fig. 5), where many low angle
boundaries are evident, as indicated by both the white low
angle boundary lines in the EBSD map and the extensive
black local maxima in the LAM map. Figure 7 provides a
more quantitative visualization of this effect, in which the
misorientation profiles for three corresponding lines in the
same places for each of the three maps in Fig. 5 are plotted.
In the after-BCP map, the profile for the left grain exhibits a
large oscillation of about 2º–3º as the line crosses the area
with lots of low angle grain boundaries. One possible
explanation is that the recovery was less effective in the
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FIG. 5. Normal direction orientation maps (left), LAM maps (middle), and IQ maps (right) for the three equator scans. For each
area, results for as-deep drawn, after heat treatment, and after BCP are shown from top to bottom. Scale and legends are
common.
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FIG. 6. Normal direction orientation maps (left), LAM maps (middle), and IQ maps (right) for the three iris scans. For each area,
results for as-deep drawn, after heat treatment, and after BCP are shown from top to bottom. Scale is common and legends are the same
as those in Fig. 5.
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subsurface region than on the surface, as the surface could
serve as a sink for dislocations to exit. This effect is also
evident in the after BCP LAM map of Iris 2 in Fig. 6.
Figure 8 shows the LAM histograms for the six scans

after deep drawing, after heat treatment and after BCP.
Before heat treatment, all iris scans (dashed lines) had
larger LAM values than the equator scans (solid lines),
which is consistent with the larger strain and the greater
amount of dark colors in the as-deep drawn LAM maps.
Heat treatment resulted in more dramatic changes in the iris
than the equator, as all the LAM peaks for the iris scans
moved to the left by about 0.25º. In contrast, the peak
positions for the equator scans moved in both directions,
suggesting that the recovery processes were highly varia-
ble. For example, after the 1000 °C=2 h heat treatment, the
peak for Equator 3 moved to the right, indicating a greater
amount of GND content. This may explain why the equator
is more susceptible to forming hot spots in operating
cavities [10], as there are apparently regions where the
local misorientation actually gets higher after a heat treat-
ment. This is also consistent with observations in [15],
where a larger strain is usually necessary for a more
complete recovery of phonon peaks after heat treatment.
After BCP, the LAM values showed no consistent relation-
ship with the as-heat treated values, as a different volume of
material was sampled. These histograms are more similar to
each other, which may reflect being distant from a free
surface that provides more degrees of freedom for changes
to occur.
The IQ maps provide a contrast to LAM maps, as they

show the sum of all defect content, including impurities,
vacancies, GNDs and SSDs. In the LAM maps, there is
clear evidence for cell boundaries, where there are distinct

networks within which there are few GNDs. The IQ maps
generally show lower IQ (darker regions) where there is
higher GND content, but the cell structures are not evident.
This suggests that the SSDs and other defects overwhelm
the GND contribution. Annealing affects the IQ maps in a
way that parallels the GND content, but there are also

FIG. 7. Point-to-origin (upper 3) and point-to-point (lower 3) misorientation profiles for the three colored lines drawn on Equator 2 in
Fig. 5. The blue ends of the colored lines in Fig. 5 are at the origin.

FIG. 8. LAM histograms of the six EBSD scans for as-deep
drawn (top), after annealing (middle), and after BCP (bottom).
Horizontal scale is common.
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regions of high IQ that correspond with high LAM values
in most maps.
The depth of surface damage can be estimated from the

LAM maps, as LAM values correspond with GND content
(lattice curvature). To evaluate this, multiple traces from the
surface inward in the six grains were extracted and
averaged. The LAM profiles for the six areas in the equator
(left and right on each scan) and six areas in the iris are
plotted with depth from the surface in Fig. 9. All six grains
responded differently to forming as evident by variations in
the plot. LAM values for the iris are in general higher than
the equator, consistent with prior observations. At the
equator, LAM values come to a low and constant value
at a smaller depth than the iris, again indicating that the
defect content is greater at the iris. The inside and outside
behaved differently as well—the equator inside and iris
outside reach a constant LAM value at ∼60 μm, while the
LAM values for the equator outside and iris inside have a
more gradual drop from the surface.
Significant defect content is present at depths up to

∼200 μm at several locations. This may explain why a
∼70 μm BCP on the subsequently fabricated cavity did not
initially yield good performance, but it improved signifi-
cantly after a second ∼170 μm surface removal by cen-
trifugal barrel polishing, BCP, and electropolishing.1 This
suggests that these high LAM values near the surface can
be understood as a metric for damage. Comparing with fine

grain cavity results in Fig. 1, it appears that because cavity
performance was still improving with 180 μm of surface
removal, that damage from forming occurs similarly in fine
grain cavities, though it was estimated using a different
approach [7]. A parallel study on a fine grain cavity would
be needed for a direct comparison.
A limitation of this study is that EBSD only provides

information about the surface, as the penetration depth for
the electrons is less than 1 μm. Therefore, it remains an
open question as to whether the effect of heat treatment on
the original surfaces examined is a good representation of
the bulk, as the surface removal demonstrates. In fact, the
discrepancy in LAM values before and after BCP does
suggest different recovery behavior between the surface
and the bulk. In large grain material, it may be easier for
dislocations near the surface to annihilate or exit during
recovery. While the surface condition is important for
superconductivity, thermal conductivity (a bulk effect) is
also crucial, so it is equally important to know whether
dislocations in the bulk have been effectively removed.
A 3D x-ray study would help address this concern, and
such data have been acquired and will be the subject of a
future paper, for more insight into the microstructural
evolution during the heat treatment.
Romanenko et al. reported that a low temperature bake at

around 120 °C caused a reduction in LAM values in both
small and large grain cavities [11], which is somewhat
striking, as it is generally believed that dislocations are hard
to move much below the recovery temperature. In this
paper, care was taken to observe exactly the same areas

FIG. 9. Local average misorientation (LAM) profiles in the six grains obtained from averaged traces on the inside and outside of the
equator and the iris.

1Further details of cavity performance tests performed by
Ciovati will be presented in a future paper.
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before and after the heat treatment and surface removal,
showing that GNDs in large grain material are stable and
difficult to remove even after the higher temperature
anneal. In contrast, the data in [11] suggests that more
of a change in LAM took place in large grain than small
grain material, although there was no indication that the
exact same regions were measured before and after the
bake. In both studies, the trends show a shift of the LAM
peaks to the left after heat treatment, but the variability may
arise from the heterogeneity in dislocation substructures, so
larger statistical sampling may be needed before a quanti-
tative interpretation of the magnitude of the shift can be
developed. Clearly, there are regions with very stable and
entangled dislocation microstructures that are resistant to
the recovery-based removal, and the heterogeneity of these
regions may account for the occasional etch pits observed
on large grain cavities that are sometimes associated with
rf losses [30,31].

IV. CONCLUSIONS

EBSD analyses on the iris and equator specimens
indicate that the surface damage from deep drawing
depends on crystal orientations, is different at the equator
and iris, and is severe even in the bulk at the iris. The iris
and equator respond differently to heat treatment due to
their different post-deformation defect states. While the
800 °C=2 h may be sufficient for recovery near the iris, a
higher temperature or longer time may be necessary for the
equator to achieve a similar degree of dislocation removal.
These heat treatments do not effectively remove networks
of GNDs. The depth of surface damage may be similar for
large grain and fine grain cavities, although further study is
needed to verify this.
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