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Abstract

Improving accelerator performance relies on consistent
production of high-purity niobium superconducting radio-
frequency (SRF) cavities. Current production uses an
800°C 3 hr heat treatment, but 900-1000 °C can improve
cavity performance via recrystallization (Rx) and grain
growth. As Rx is thermally activated, increasing the tem-
perature and/or the heating rate could facilitate a reduction
in geometrically necessary dislocation (GND) density that
is associated with the degradation of cavity performance
via trapped magnetic flux. Recent work shows that increas-
ing the annealing temperature increased the Rx fraction in
cold-rolled polycrystalline niobium. However, the influ-
ence of heating rate on the extent of Rx was minimal with
a 3 hr soak time. To further assess the influence of heating
rate on measured Rx, as well as the effects of sample prep-
aration, electron backscatter diffraction (EBSD) was used
to quantify the extent of Rx on samples annealed at a single
temperature with different soak times. Comparing samples
with different surface preparation shows that pinned grain
boundaries on the free surface reveal a much smaller grain
size than below the surface.

INTRODUCTION

Improving accelerator performance requires production
of niobium superconducting radiofrequency (SRF) cavities
with consistent performance. Performance inconsistency
may arise from the known variability in microstructures in
the as-received Nb polycrystalline sheet. This, as well as
locally different strain paths during forming in different
parts of the half-cell cause spatially variable dislocation ar-
rangement. Post-cavity formation, the heat treatment used
to remove hydrogen causes non-homogeneous rearrange-
ment or removal of dislocations by recovery (Rv) and re-
crystallization (Rx).

Recovery results in removal of most of the dislocations,
but the remaining geometrically necessary dislocations
(GNDs) associated with the lattice curvature caused by
forming are rearranged into low-angle grain boundaries
(LAGBs), which are known to trap magnetic flux [1].
LAGBE: are very stable, and not easily removed. Recrystal-
lization, also driven by removing dislocation content, oc-
curs when high-angle grain boundaries (HAGBs) sweep
through the material, leaving a nearly perfect crystal in
their wake with no GNDs [2], and hence, no LAGBs that
trap magnetic flux. As Rx proceeds, grain growth occurs
driven by reducing grain boundary area, so HAGBs could
sweep through the same volume multiple times.

* DOE/OHEP (Grant Number: DE-SC0009960)
T thunezac(@msu.edu
1 bieler@msu.edu

Furthermore, Rv removes stored strain energy (high dislo-
cation density) that also reduces the driving force for Rx
that is necessary to remove LAGBs.

Hence, we hypothesize that the standard 3 hr 800 °C heat
treatment facilitates Rv more than Rx, so increasing the
holding temperature and/or heating rate should result in
more complete Rx that removes the GNDs that degrade
cavity performance. Higher temperature anneals between
900 and 1000 °C more effectively remove magnetic flux
pinning centers [3,4], increasing the cavity performance,
but at the expense of the strength, as these anneals result in
significant grain growth from about 50 to 200 um in diam-
eter, but the extent of Rx was quite different in samples
with different strain path history [5].

Therefore, an ideal heat treatment should exist where Rx
occurs nearly completely but is stopped before grains grow
significantly. As Rx temperatures are higher than Rv tem-
peratures, it is likely that a hotter but shorter heat treatment
may enable Rx without too much grain growth, such that
an optimal microstructure can be obtained. Also, a higher
heating rate may enable reaching the Rx temperature
sooner, so that less Rv occurs. It is likely that this optimal
condition will depend on the starting microstructure in the
sheet before the cavity is even formed [6].

The present work builds upon prior work [5] to examine
the effect of soak time at 940 °C on the extent of Rx after
a standard (slow) and a fast heating rate were examined to
determine how much the heating rate and soak time influ-
ence the Rx process. As the specimen preparation methods
varied in these prior investigations and may have affected
the measured results, this paper focuses on the effects of
methodology on measuring the Rx fraction. Also, the limi-
tations of the analytical method were examined by compar-
ing scans made with the standard Hough transform index-
ing methods and a spherical indexing method [7] to deter-
mine if spatial and angular resolution affected the assess-
ment of the Rx fraction.

EXPERIMENTAL DETAILS

To investigate the effects of the deformation path on mi-
crostructure evolution during heat treatment, a proxy for
cavities was chosen, by imposing about 30% rolling reduc-
tion in coupons in two different directions: the original roll-
ing direction, and the original transverse direction (perpen-
dicular to the rolling direction) [3, 4]. These coupons were
carefully polished before heat treatment at different tem-
peratures and heating rates with the same soak time of 3 hr.
Samples were heated in evacuated fused quartz ampules to
protect the polished characterized surface from oxidation.
To assess the fraction Rx in each sample, the same loca-
tions on the same surfaces were examined to compare with



the prior non-heat treated microstructure. The lattice cur-
vature, identified from EBSD mapping, was analytically
converted into a GND density (based upon several assump-
tions [5, 8]). While the recrystallized grains had a very low
GND density (essentially the floor of the detection limit for
the parameters used), the recovered grains maintained a
high GND density. Despite inherent assumptions in the an-
alytical model, systematic comparisons showed that the
two different deformation paths resulted in Rx grain frac-
tion that differed by a factor of two at 940 °C.

Cavity Proxy Coupon Samples

The material used for coupon samples was from a
~4 mm thick sheet of Tokyo Denkai niobium used to fab-
ricate an end-cap for a low beta cavity for the Facility for
Rare Isotope Beams. The material had a RRR of ~350 and
an impurity content of ~0.008 wt% Ta; < 0.0005 wt% H;
and < 0.001 wt% W, Ti, Fe, Si, Mo, Ni, Zr, Hf, O, N, and
C. Pieces were rolled at ~23 °C to ~30% reduction in three
passes without lubrication in a laboratory rolling mill with
100 mm rolls to generate equivalent strains similar to
equivalent strains in the iris and equator regions of a
formed 1.3 GHz cavity. The influence of the rolling direc-
tion on microstructural change during heat treatment was
examined by rolling one piece in the original rolling direc-
tion (RD), and two pieces in the transverse direction (TD)
[5]. Fig. 1 illustrates the locations and shapes of samples
used for both the 3 hr Rx study (RD Piece and TD Piece 1)
[5] and the 10 or 20 min 940 °C samples (RD Piece and TD
Piece 2) presented in this work.

As-received (AR) material adjacent to the rolled pieces
was characterized to provide a basis for comparison be-
tween the cold-rolled (CR) and heat treated (HT) samples.
Rectangular coupon samples were cut from the CR pieces
using wire electrical discharge machining (EDM); 10 from
each of the TD pieces and 24 from the RD piece. To
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Figure 1: Coupon sample preparation scheme. (A)
Pieces taken from the corners of a Nb sheet (RRR ~350)
used for low-B end-caps (for MSU FRIB). (B) Cold-
rolled to ~30% reduction along the original RD or along
the original TD. (C) Samples from each cold-rolled piece
extracted using wire EDM. (D) Standard BCP solution
to remove the EDM re-cast surface prior to heat treat-
ment and EBSD analysis.

minimize the influence of sample to sample orientation
variations, the same surface (labeled green) was observed
in the same location in each coupon.

Sample Surface Preparation & Heat Treatment

Different groups of samples were polished using differ-
ent methods. To remove the EDM re-cast surfaces, all sam-
ples were first given a buffered chemical polish (BCP) us-
ing a solution of HF, HNOs3, and H3POs.

3 hr Rx Sample Preparation The AR and TD samples
were mechanically polished using 15-0.1 um diamond sus-
pensions before a 0.04 pm colloidal silica vibratory lap fi-
nal polish [5]. The RD samples were electropolished in a
9:1 solution of H>SO4 and HF, where the sample (anode)
was held ~2 c¢cm from a pure aluminum cathode and the po-
tential was held constant at 16 V for ~8 min. The acid so-
lution was kept below ~25 °C by intermittently cooling the
bath container via partial submersion in methanol chilled
with liquid nitrogen. After polishing, EBSD maps were
made in a specific location on each of the AR, TD, and RD
samples.

3 hr Rx Heat Treatments All RD and TD samples were
individually encapsulated in fused quartz ampules under a
~1x1073 Torr vacuum, and then heat treated in a Thermo
Scientific Lindberg/Blue M air furnace. Half of the sam-
ples were placed in the furnace programmed for a standard
heating rate of ~5 °C/min (~3 hr to reach the 800, 900, 940,
975, or 1000 °C soak temperature), and the other half were
placed in the furnace when the temperature reached ~90%
of the target temperature for a fast heating rate
<~50 °C/min (~20 min to reach the assigned soak temper-
ature). To minimize the variation in thermal history, all
samples with the same soak temperature were completed
in a single furnace run.

10 or 20 min 940 °C Rx Heat Treatments After the
standard BCP, RD and TD samples were encapsulated in
pairs within fused quartz ampules under a ~1x107° Torr
vacuum, and then heat treated in a Thermo Scientific Lind-
berg/Blue M air furnace. Half of the ampules were placed
in the furnace at ~25 °C programmed for a standard heat-
ing rate of ~5 °C/min (~3 hr to reach the soak temperature),
and the other half were placed in the furnace when the tem-
perature reached ~90% of the target temperature (~846 °C)
for a fast heating rate of ~46 °C/min (~20 min to reach the
soak temperature). The sample sets were heat treated at
940 °C for either a 10 or 20 min soak and were elec-
tropolished affer heat treatment.

10 or 20 min Rx Sample Preparation Aside from the
standard BCP, these samples were not mechanically pol-
ished or electropolished prior to encapsulation and heat
treatment. The RD and TD samples were encapsulated in
pairs within the same ampules, and then heat treated in the
same way as described above. After heat treatment, the TD
samples were first electropolished as described above with-
out a chilled solution, and then at 10 V without a chilled
solution for ~8 min to achieve an acceptable surface for



EBSD. The RD samples were electropolished without the
chilled solution at 10 V for ~8 min. The RD samples were
electropolished a second time after EBSD to investigate the
influence of surface preparation and material removal on
the extent of Rx.

Table 1 summarizes similarities and differences in the
sample preparation and heat treatment history for the 3 hr
soak at different temperatures, and the 10 or 20 min 940 °C
samples.

Table 1: Sample Surface Preparation History

Process AR 3hr 10 o.r 20
Sequence min
EDM+BCP TD+RD TD+RD TD+RD
Mech. Polish  TD + RD TD

16 V EP 8min RD

Vacuum HT TD+RD TD+RD
15V EP 8min RD-900 (S) TD
10 V EP 8min TD +RD
10 V EP 8min RD

EBSD Data Collection and Analysis

Each coupon was characterized using 1000 um wide
EBSD scans of the full cross-section thickness (~2.8 mm).
The EBSD scans were acquired using a Zeiss Auriga XB
Crossbeam Field Emission Gun Scanning Electron Micro-
scope with an EDAX/AMETEK Electron Backscatter De-
tector and TSL-OIM data collection software. Imaging
conditions were 9 mm working distance, 40x magnifica-
tion, 22 kV beam voltage, and a 2 pm EBSD step size.

The EBSD datasets were analyzed using
EDAX/AMETEK OIM Analysis software version 8.6. The
orientations in each scan were rotated 90° about the y-axis
so the crystal orientations, pole figures, and orientation
maps are represented with respect to the sheet normal di-
rection. The datasets were filtered to exclude points with a
confidence index (CI) less than 0.1; the majority of ex-
cluded points were clustered in regions with low pat-
tern/image quality (IQ).The 3 hr heat treated samples were
scanned before and after heat treatment within ~50 um of
the same location on the sample surface, but the RD-900(S)
did not provide good EBSD patterns after the heat treat-
ment, so it was electropolished a second time. The 10 and
20 min samples at 940 °C were scanned after electropolish-
ing, and to further assess the effect of proximity of the orig-
inal surface to the scanned surface, the RD samples were
electropolished a second time.

To assess the effect of spatial resolution and angular res-
olution on assessing the fraction recrystallized, two
50x50 um scans with a 0.5 pum step size on the TD and RD
3 hr 900 °C fast heating rate samples were made with the
patterns stored for implementation of spherical harmonic
indexing [8] to be compared to the traditional Hough in-
dexing.

RESULTS AND DISCUSSION

As Rx grains form by the migration of HAGBs through
deformed material, leaving a nearly defect-free crystal in
their wake, the Rx fraction can be quantified by measuring
the lattice curvature, which is a metric of the GND content,
and hence, deformation. By assessing the lattice curvature
at each pixel, a theoretical GND density can be extracted
based upon [7] using the OIM Analysis software. Fig. 2
plots the distribution of GND density for each of the 3 hr
heat treated samples at different soak temperatures (solid
lines are the fast (F) and dashed are the standard (S) heating
rates). The AR material (solid black line) has a GND den-
sity peak at about 3x10'?/m?, while the CR material (dotted
black line) has a GND density peak at about 30x10'%/m?.
With increasing temperature, the amplitude of the de-
formed/recovered peak decreases with the formation of Rx
grains that have a GND peak at about 10'%/m?, and its am-
plitude increases with the Rx fraction. The ratio of the left
peak area (up to 10x10'3/m?) over the entire area provides
the Rx fraction. The RD Rx fraction is greater than the TD
at all temperatures for the 3 hr heat treatments.
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Figure 2: GND density distribution for each sample of
the 3 hr Rx study shows a bimodal distribution associ-
ated with recrystallized grains (left peak in either plot)
and recovered grains (right peak in either plot).

The Rx fraction of the 940 °C 10 or 20 min and 3 hr soak
samples is illustrated as a colored bar overlaid on maps
with black grain boundaries in Fig. 3 that show which
grains are recrystallized (white) and which are recovered
(gray). The maps reveal the variations in grain size between
the 10 or 20 min TD and RD samples after the first EP,
indicating the inconsistent removal of material due to nec-
essary additional EP rounds for EBSD. The fact that the Rx
fraction is higher for the 10 and 20 min 940 °C (blue,
green) than the 3 hr (red) TD samples, with similar frac-
tions for the RD samples, needs an explanation, as this is
inconsistent with established understanding of Rx [2].

Consequently, a second EP was done on the RD samples
to reassess the microstructure. With removal of more ma-
terial, both the grain size and the Rx fraction increased
(Figs. 4-6).

This study shows that the care taken to observe the same
surface before and after heat treatment led to the observa-
tion of a significant surface artifact. It is well known that
annealing in vacuum will enable surface diffusion to mini-
mize the interfacial energy where grain boundaries meet
the surface, resulting in grain boundary grooving [9]. The
grooves can pin the grain boundary, making it more



difficult for a grain boundary on the free surface to move.
Hence, measurement of the Rx fraction without the influ-
ence of surface energy requires removal of surface grains.

This surface pinning effect also explains an outlier in the
data in Fig. 2. Comparing the fast (solid) and standard
(dashed) curves for each temperature, they are close to each
other in all cases except the RD 900 °C standard heating
rate sample (RD-900 (S)), which has a much lower Rv peak
than the fast heating rate sample at the same temperature.
This sample could not be indexed after the heat treatment
due to surface contamination, so it was electropolished a
second time to enable it to be measured and this removed

™

10(F)
0.83 Rx

RD ed
iy %

10 (F) .
0.75 Rx

10(s)
0.98 Rx

10(S)
0.82 Rx

20 (F)
0.83 Rx

20 (F)

J 0.72 Rx
‘ o < L "!

20(s) Hmum@m I i 20(s)

. 0.84 Rx

0.94 Rx
"%

180 (F) 180 (F)

LR
0.43 Rx 0.88 Rx M%ﬁ { I.’?#
i)
180 (S) 180 (S) [ ,U"l"ml'w
PRA YT A
0.54 Rx 0.85 Rx q Y ke
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8

Rx Fraction
Figure 3: EBSD maps of 940 °C samples colored by the
GND density, where recovered grains are gray and re-
crystallized, white. Surprisingly, the fraction recrystal-
lized in the 10 and 20 min samples is greater than or
equivalent to the 3 hr samples, due to removal of the
original surface.
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Figure 4: The grain size distributions in the 940 °C RD
10 or 20 min soak samples are similar for both heating
rates and annealing times after the first EP (left), but the
grains are larger after the second EP (right).
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Figure 5: The GND density of the 940 °C RD samples
after 10 or 20 min soak times decreased after a second
EP (right) indicating a higher Rx fraction due to surface
removal.

enough of the pinned surface grains to increase the visible
fraction of Rx grains.

This grain boundary pinning effect that hinders Rx is rel-
evant for cavity performance. As the interior surface of the
cavity is where the superconducting activity takes place, it
is desirable to remove defective grains from the surface.
This suggests that sufficient EP affer the heat treatment to
remove 20-50 um is valuable, and that a light EP would not
likely alter the surface pinned microstructure sufficiently.
This work also shows that the heating rate does not signif-
icantly alter the nature of recrystallization near the sur-
faces, but it is still unclear whether an advantage would be
gained in interior grains and is the subject of future work.
Clearly, surface preparation has an enormous influence on
quantifying Rx and Rv phenomena, and an excellent de-
gree of surface preparation is needed along with cogni-
zance of the surface grain boundary pinning effect in order
to interpret results meaningfully.

Also, an assessment of the EBSD accuracy and resolu-
tion shows that the same information is gained with con-
ventional Hough and spherical harmonic indexation (see
Appendix).
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Figure 6: The microtexture of RD-10 (F) is nearly un-
changed after the second EP; however, a majority of the

small, recovered grains on the surface have been mostly
removed.

CONCLUSION

Quantitative measurement of Rx is subject to many sys-
tematic errors that can be neglected if all samples are pre-
pared and assessed with the same parameters. Rx on sur-
faces is strongly retarded by surface grain boundary pin-
ning, indicating that assessing the Rx fraction requires
careful experiment design so that surface effects can be
managed and understood.
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APPENDIX

A comparison of the GND density distribution based on
EBSD scans using traditional Hough indexing and spheri-
cal harmonic indexing is presented in Fig. 7 for the same
50x50 pm? area in each of the fast heating rate 3 hr 900 °C
TD and RD samples using both methods [10]. In contrast
to the EBSD data presented above, the step size of these
scans was 500 nm to ensure highly detailed EBSD patterns
for indexing (these scans were also coarsened to assess the
effect of spatial resolution). While there are details that are
slightly different in the two curves from the same speci-
men, it is clear that the overall shapes of the two curves are
the same, and the Rx fraction (left peak) is lower with the
spherical indexing method.

Quantitatively, the Rx fraction is slightly lower (a few
%) when using the spherical harmonic method, and a finer
spatial resolution shifts the cross over point between the Rx
and Rv populations to a higher GND density. Nevertheless,
as long as measurements are made in a systematic manner
on all samples being compared, the generic EBSD method
will provide sufficiently accurate data to be trustworthy, if
the surface is carefully prepared to yield a high fraction of
high-confidence points.
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Figure 7: GND density plots for the fast heating rate 3 hr
900 °C TD (left) and RD (right) samples evaluated with
both the traditional Hough indexing (black) and the
Spherical Harmonic indexing (green). Specific details
differ, but they are consistent with each other, indicating
that both methods are reliable for assessing the Rx frac-
tion.
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