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Abstract: A series of experiments were carried out in an effort to develop a simple method for
predicting magnetic flux expulsion behavior of high purity niobium used to fabricate
superconducting radio frequency (SRF) cavities. Using conventional metallographic
characterizations in conjunction with high spatial resolution electron backscattered diffraction-
orientation imaging microscopy (EBSD-OIM), we found that the flux expulsion behavior of 1.3
GHz single cell SRF Nb cavities is significantly associated with the grain growth of the Nb material
during heat treatment. Most of Nb grains rapidly grew during 900 °C heat treatment, and likely
full-recrystallized with 1000 °C HT. With comparison of the magnetic flux expulsion ratio (Bsc/Bnc)
at AT =5 K, the flux expulsion efficiency of the cavities increases along with increasing of grain
size. Most interestingly, 900 °C HT shows a roughly linear trend that suggests this criterion could
be used to predict appropriate heat treatment temperature for sufficient flux expulsion behavior in
SRF-grade Nb. This result would be used to see if flux expulsion can be predicted by examining

the materials coming from the Nb vendor, prior to cavity fabrication.

1. Introduction

The transition metallic superconducting niobium has been widely accepted for
superconducting RF resonators for linear particle accelerators, which are used to transfer energy
to particle beams [1]. Its high ductility makes it possible to fabricate complicated RF cavity shapes

and its excellent surface superconducting property enables intrinsic cavity quality factor (Qo.) of



~10'°, leading to extremely efficient operation in particle accelerator applications [2]. Several
different surface treatments in conjunction with thermal treatments are employed for maximizing
the Qo. In the nitrogen (N) doping process [3], Nb cavities are heat-treated at high temperatures in
the presence of nitrogen to create nitrogen interstitials within the first few hundreds nanometer
depth of the RF surface. This process, developed in 2013, makes it possible to improve quality
factors by a factor of 2-3, compared to the previous state of the art technique [4,5]. N-doping has
been implemented in the production of SRF Nb cavities for LCLS-II, an X-ray free electron laser
(FEL) under construction at SLAC [6]. LCLS-II will operate in continuous wave (CW) mode,
resulting in much larger heat dissipation by the cavities than if they were operated in pulsed mode.
N-doping on the cavity to increase quality factor, therefore, enables a significant reduction in
cryogenic plant infrastructure and operating cost. In addition to N-doping, other processes have
been developed to modify the RF surface of cavities and increase quality factors, such as nitrogen
infusion [7,8] and medium temperature baking [9].

While optimizing the RF surface superconductivity is crucial to achieving high Qo, the bulk
property is also of great importance. External magnetic flux can be trapped in the bulk of SRF Nb
cavities during superconducting transition over the critical superconducting temperature of Nb, T.
~ 9.2 K, as a result, significant degradation of RF performance occurs [10,11]. Romanenko et al.
[12] investigated the effect of thermal gradient (i.e. temperature difference (AT) over the cavity
surface) on flux expulsion, finding the cooling with a large thermal gradient promotes the
expulsion of magnetic flux, while cooling slowly and uniformly tends to trap all ambient fields in
the cavity wall. Posen et al. [13] investigated the effect of surface and bulk properties on the
efficiency of magnetic flux trapping in single SRF Nb cavities, prepared by different cavity
fabrication methods, finding that some cavities tend to trap most flux even when cooled with a
large thermal gradient, but that high temperature heat treatment at 900 °C or above makes it
possible for these cavities to achieve strong expulsion during cooldown.

Keeping trapped flux to an acceptable level was an important factor in achieving the Qo
goals of LCLS-II cryomodules [14]. Magnetic shielding was a key contributor to this, but even
after shielding, the specification for ambient magnetic fields was 5 mG (milli-gauss) at the cavity,
and fully trapping this field would cause the cavities to fall below the Qo specification. Cooling
with a high temperate gradient typically helps to expel flux, but the practical maximum gradient

achievable during cooldown of a cryomodule is ~ 0.3 K/cm, corresponding to a AT ~ 5 K for a



single cell cavity. For the as-received LCLS-II production material, near-full trapping would occur
at this thermal gradient for a typical heat treatment at 800 °C for 3 hours.

One can try to infer possible types of defects that can admit magnetic flux based on
correlations between cavity treatment and expulsion behavior. High temperature heat treatment
improves flux expulsion behavior, surface treatment has a minimal effect, and mechanical
deformation tends to result in strong trapping behavior [15—18]. These results suggest that intrinsic
crystalline defects in Nb bulk like grain boundaries (GBs), tangled dislocations, low angle grain
boundaries (LAGBs), or impurities like hydrides and nitrides, could be candidates for trapping
sites of magnetic flux lines [19-24]. However, these defects must be comparable in size due to the
relatively longer coherence length of superconducting niobium, Exp~ 50 nm [25]. There have been
efforts to associate defects with flux trapping in SRF-grade niobium by comparing microscopic
studies of strongly and weakly trapping materials, but, to date, no specific defect have been
conclusively identified. As such, it has been difficult to develop modified niobium production
specifications to guarantee strong expulsion behavior. This produces challenges for projects such
as the high energy upgrade to LCLS-II, LCLS II HE, for which strongly expelling materials must
be obtained for cavity production. The solution implemented for LCLS-II was to buy typical
material without modified specifications, and then to make single cell cavities from each heat
treatment lot, and evaluate the temperature needed to achieve strong expulsion in the single cells
in order to determine the treatment temperature for the production cavities made from the
corresponding materials. However, such a process of fabricating and evaluating a series of single
cell cavities is burdensome, and it is not practically applicable for the project like LCLS-II. Thus,
the ultimate goal of our study is to bypass this process by a simpler method.

This study is based around a hypothesis of material defects for preferential pinning of
magnetic flux: is it possible that the defects that trap flux during cooldown are the same defects
that pin grain boundaries and determine grain growth during heat treatment? If so, we expect there
to be a correlation between flux expulsion behavior and grain growth during heat treatment. The
study has a number of advantages:

1. If any strong correlation is found, it could be easily implemented in the cavity fabrication
process. Niobium vendors could measure grain growth in coupon samples from each heat
treatment lot and sort the material according to the temperature at which sufficient grain

growth was observed. Cavity vendors could manufacture cavities with the sorted materials,



performing heat treatment to improve expulsion at the temperature indicated by the
niobium vendor.

2. Measurement of grain size is a fairly standard process. Once this standard is established,
niobium vendors can indicate specifications of the Nb materials for proper flux expulsion
without additional measurements (e.g. cryogenic characterization).

3. The study can be carried out using existing resources. A number of cavities have already
been characterized for flux expulsion after 900 °C for 3 hours heat treatment, and extra
niobium material from the sheets used to fabricate these cavities is in hand. All that remains
1s to measure grain growth as a function of heat treatment.

4. The study is agnostic to the specific type of defect that causes pinning. It does not require

detailed microscopic studies at the nm-scale.

Why should flux expulsion be correlated to grain growth? During heat treatment, Nb grains
merge and grow to recover stored strain energy [26], and partial or full recrystallization would be
achieved at a certain level (note that typical specifications require full or near-full recrystallization).
However, this process is generally affected by pinning of grain boundaries on intrinsic defects or
limited by dislocation mobility due to the defects, and as a result, potential flux pinning sites can
form in the Nb bulk [16,17,27]. Some models suggested that defects that trap flux during cool
down are reduced with high temperature heat treatment. As these defects are reduced, there would
be a large mobility for grain boundaries during the heat treatment, allowing greater grain growth.
High thermal energy also enhances dislocation movement, resulting in active coalition of grains.
Thus, this study aims to classify grain growth behavior of SRF-Nb materials as a function of heat
treatment temperature in order to account for magnetic flux expulsion properties of the SRF Nb
cavity. From the study, a practical application would establish a method to predict flux expulsion

behavior of the SRF Nb cavity from the starting material, prior to successive fabrication procedure.

2. Experimental

A series of 1.3 GHz single-cell SRF cavities made of various Nb sheets from the different
vendors were characterized in magnetic flux expulsion behavior. All cavities were fabricated in
the same way. Variation of external magnetic flux density (B) on the outside of the cavity wall

was measured under the influence of magnetic field while cooling the cavity with cold helium gas



flow applied parallel to the beam axis. The cold gas flow applied in this way generates a thermal
gradient (AT) across the cavity during superconducting transition [12].

For bulk structural investigation, 10 mm x 5 mm x 2.5 mm (/ x w X {) coupon samples
were carefully extracted from the residual parts of the Nb sheets used to fabricate the single cell
cavities by wire-EDM (electric discharge machining), and then thermally treated from 800 °C to
1000 °C for 3 hours at the same vacuum condition (10 torr) in the same furnace of cavity
treatment. After heat treatments, the coupons were cross-sectionally sliced with a precision
diamond saw, and the opened surfaces were mechanically polished after mounting on a conductive
puck, following the established polishing procedures [28]. The surfaces were finalized with 0.05
um silica oxide particle solution within a vibratory polisher for 24-48 hours, in order to obtain
defect and scratch-free surfaces. The list of the single cell cavities, SRF Nb sheets, and sample
materials are tabulated in Table 1.

In this study, two different grain size evaluation methods were implemented; 1)
conventional procedures with optical imaging analysis and 2) automated evaluation by
backscattered electron diffraction — orientation imaging microscopy (EBSD-OIM), in order to
verify compatibility of the two procedures. The conventional method was employed based on
ASTM E-11213 [29] after etching the polished cross-sectional surfaces of the samples with
buffered chemical polishing (BCP; 1:1:2 volumetric ratio of the mixture of HF: HNO3: H>SOy4) for
8 min. BCP was chosen because it tends to reveal grain boundary (~ 1-100 um depth) [2], helping
to reconstruct grain structure. Using scanning laser confocal microscope (SLCM), we were able to
resolve such non-uniform GB topology. SLCM is superior to conventional optical microscope in
Z-resolution (normally surface roughness) due to its deep focal depth resolution [30]. The grain
structure of the Nb materials was further characterized with backscattered electron diffraction —
orientation imaging microscopy (EBSD-OIM), equipped in JEOL JSM-5900LYV scanning electron
microscope. The extensive area (~ 2 mm?) of the polished cross-section surfaces were scanned,
and the grain sizes and GB morphology were characterized with Oxford HKL Channel 5 software
after smoothing un-indexed pixels with 0.5-1 degree threshold to minimize interference of residual

scratches on automated calculation.

3. Results



Figure 1 compares magnetic flux expulsion ratios (Bsc/Bnc) of the single cell cavities as a
function of thermal gradient (AT). Bs/Bn¢ 1s defined as the ratio of the B at the normal conducting
state to superconducting state, below the critical superconducting temperature of niobium, T, ~ 9.2
K. Bs/Bne = 1.7 corresponds to the cavity completely expelling external magnetic flux during
superconducting cooling. At Bs./Bnec = 1, most of magnetic flux is trapped in the walls of the cavity.
Each cavity shows different expulsion behavior even having the same heat treatment history, 900
°C for 3 hrs at high (10-6 torr) vacuum, as well as cell fabrication. The cavity RDT-NX02 traps
most of the external magnetic flux even at relatively large thermal gradient across the cavity (AT
~ 5K and even up to ~15 K). In contrast, cavity SC02 shows extremely strong expulsion behavior,
reaching near-full expulsion with a AT of just 2 K.

Among several procedures of grain size evaluation with optical microscopy presented in
ASTM E-112'3 [29], the planimetric (Jeffries) general intercept method was mainly used in this
study. The planimetric procedure was easily applicable to SRF Nb materials without limitations
on imaging size and magnification, and the results were comparable to EBSD-OIM analysis. We
also introduce the Abrams three-circles circular intercept procedure to clarify efficiency of
conventional grain size evaluations. As a first step, we characterized grain size of the A4
(TE1AES024) coupon after 800 °C/3 hrs heat treatment. Figure 2 shows a laser intensity image of
BCP’ed grain boundaries from scanning laser confocal microscopy (SLCM). The image was
acquired at 100X magnification with a size of 2048 x 1536 pixels using 10X objective lens. The
marked areas with A, B, and C in Fig. 2a have different roughness at GBs, R, =7.09 um, 3.71 um,
and 1.33 um, respectively. The planimetric (Jeffries) procedure is defined with an arbitrary circle
containing ~ 40-50 grains (Fig. 2a). By counting inside and intercepted grains with the red circle
(Ninsigze = 69 and Nipterceptea = 31) and applying Jeffries’ multiplier (f = 2 at 100X
magnification), grains per square millimeter (N, ) of the A4 is obtained as 169 from N, =

N
intercepted | 2), which is referred to 4.0-4.5 of grain size number (G), describing grain

f (Ninsiae +
diameter between 75.5 and 89.8 um according to ASTM E-112'3. Table 2 is a part of the table for
grain size relationships computed for uniform, randomly oriented, equiaxed grains, in ASTM
E112!3. ASTM G number decreases with increasing of density of grains and grain size. For
Abrams’ circular intercept procedure, three circles were drawn in the laser intensity image (Fig.

2b) after proportionally reduced the total circumference from 500 mm (250 mm, 166.7 mm, and



83.3 mm) to 5.3 mm (2.52 mm, 1.69 mm, and 1.08 mm); our image size (2048 x 1536 pixels: 1.45
mm x 1.09 mm at 100X) was limited in a space, compared to Abrams’s one (100 mm x 100 mm

at 1X mag). Similarly, by counting total number of intercepts (N;) of the three-blue circles with

GBs and calculating the number of intercepts counted on the field (N, = N; / (L/ M)) (the total test
length: L, =500 mm, magnification: M, = 100X, and the linear intercept value: = (1 /]—V—)), grain
L

size number (G) is characterized in 3.9 according to the formulae provided; G = —3.2877 —

6.6439l0g,,l, G = —3.2877 + 2log,N,, or G = —3.2877 + 6.6439log;,N, (Al.4, 1.5, and
1.6 equations in Al annexes of ASTM E-112'%), which gives N,= 87.68-124 grains/mm? and
d=89.8-106.8 pm, respectively. Abrams’ circular procedure shows slightly bigger grain size than
the planimetric procedure does, but this three-circular intercept method was no longer applicable
for above 950 °C HT due to limited space by significant grain growth.

Grain structure of the 800 °C HT ed A4 sample was also characterized with EBSD-OIM.
Figure 3 shows grain orientation and GB morphology of the finely polished cross-sectional surface.
Although several scratches remained from mechanical polishing, as shown in the brightness and
contrast image of kikuchi pattern intensities (Fig. 3a), grain diameter, grains numbers, and grain
locations were evaluated within the field of scanning view based on inverse pole figure (IPF) by
HKL Channel 5 software. Figure 4 illustrates size distributions of inner and edge or corner grains
of the 800 °C HT ed A4 sample, presenting total 263 grains on the cross-section (1.16 mm?). The
average grains per square millimeter and grain size, (282 grains/mm?, 65.2 um) are found to be G
~ 5.0-5.5 and 4.5-5.0, respectively, showing ~ 15 % smaller than those obtained from both
conventional methods. Figure 5 illustrates IPF and grain size distribution profiles of the S6 (cavity
SCO06) as heat treatment temperature increases. Rapid grain growth is seen after 900 °C HT, and
huge recrystallization occurred during 1000 °C HT. Frequency (counts) of edge and corner grains
outnumbered those of the inner grains as Nb grain growth continues, as a result, the blue histogram
line passes over the orange line after 1000 °C HT.

The two conventional procedures provided slightly different but overall consistent grain
sizes. However, only the planimetric (Jeffries’) procedure was applied for the entire range of heat
treatment temperatures because extended grain growth during 950 °C/3 hrs HT restricted the

applicability of the Abram’s procedure. Table 3 describes ASTM grain size number (G ) of the SRF



Nb materials along with HT temperature, defined by Jeffries’ procedure. Most of the Nb samples
experienced rapid grain growth during 900 °C/3 hrs HT, resulting in significant reduction of (G),
but N2 (NX02) showed the least amount of grain growth, even after 975 °C HT. This trend is
similarly observed with EBSD-OIM study. Figure 6 shows variation of the average grain sizes of
the Nb samples with heat treatment temperature, characterized by EBSD-OIM. Grain sizes of most
of the Nb sample are doubled after 900 °C HT. Likewise, the N2 shows the least amount of grain
growth even after 1000 °C HT. ASTM Grain size No (G) based on the EBSD-OIM analysis is
listed in Table 4. N2 and S2 have the smallest and largest grain size, respectively, just after 800
°C HT. After 900 °C HT, G of most samples decrease in half except N1, N2 and S8. However, S8
shows steady grain growth with HT temperature.

Magnetic flux expulsion ratios (Bsc/Bnc) of the single cavities at AT =2 K and 5 K are
plotted with the average grain sizes of the Nb coupon materials after 900 °C/3 hrs HT (Figure 7),
which is determined by EBSD-OIM study. Large thermal gradient AT = 5 K provides better flux
expulsion ratios with the same grain size, compared to the cases at AT =2 K. Cavity SC02 (S2)
shows outstanding expulsion behavior close to Bse/Bnc = 1.7 at both cooling gradients (AT) after
heat treatment at 900 °C. Cavity AES024 (A4) shows similar optimum flux expulsion with
somewhat smaller grain size while it has slightly lower Bs./Bnec < 1.7 at AT = 2 K. Flux expulsion
ratios of the cavities are mostly enhanced at AT = 5 K with increasing of grain size. This
improvement is suppressed with AT =2 K. However, the NX02 cavity does not show any change
with grain growth. Interestingly, a monotonically increasing trend between Bs./Bnc and grain size
at AT =5 K after 900 °C/3 hrs HT, is observed, as guided by the red-dotted line in Fig. 7b). This
behavior suggests that there is a criteria of heat treatment temperature to effectively improve flux

expulsion behavior of the cavities in some SRF Nb materials.

Discussion:

Efficiency of external magnetic expulsion during the superconducting transition is a key
contributor to optimizing the RF performance of SRF Nb cavities [ 12—14]. It is already known that
the flux expulsion ratio (Bse/Bnc) 1s significantly related with bulk structural property rather than
surface characteristics of the cavity, determined by chemical or low temperature treatments or both

combined treatments, i.e. nitrogen gas treatment and 120-300 °C mild heat treatment [3,7-9].



Niobium is a marginal type Il superconductor, having a narrow range of the mixed state with long
superconducting coherence length, &wy~50 nm, compared to other composite type II
superconductors [25]. Thus, the size of crystalline structural defects for preferential trapping of
magnetic flux lines should be comparable to &, ~ 50 nm. Grain boundaries [24,31], tangled
dislocations [16,22], low angle (< 2°) grain boundaries [17], dense of dislocations networks, or
impurities like nitride, carbide, or hydride [20,32,33] would be strong candidates for trapping sites
if their size are compromised.

Recrystallization and/or grain growth typically occur during SRF Nb cavity thermal
treatment, though the extent to which they occur can vary. Impurities locally pinned at bulk Nb
lattice can deteriorate recrystallization or grain growth by interfering movement of grain
boundaries [26]. Annihilation of dislocations by climbing, gliding, or cross slipping resulting from
applied thermal energy is another important aspect for grain growth, but the procedure highly relies
on initially stored strain energy from cold work deformation [34,35]. The impurities also disturb
the dynamics of dislocation movement. Therefore, non-fully completed recrystallization may
result in preferential flux trapping sites such as tangled dislocations or low angle (< 2°) grain
boundaries (LAGBs) [36]. Investigation for the effect of ppm level impurities on grain growth
behavior is extremely challenging, especially for the SRF-grade Nb [37]. It is also challenging to
evaluate the effect of dislocation movement on grain growth for large area of Nb bulk structure
without information about stored strained energy from cold work deformation. Given these
restrictions, quantifying of Nb grain size with a series of heat treatments in the same fashion of
cavity treatment would be an alternative way to understand the extent of which the defects
influence on recrystallization, which is attributed to variation of magnetic flux trapping sites in the
bulk of the SRF Nb cavity. Furthermore, variations can occur in fabrication processes for SRF-
grade Nb sheets, so that recrystallization and recovery process could be different, resulting in
variation of flux expulsion ratio (Bs¢/Bnc) with heat treatment temperature. Therefore, the goal of
our study is to establish a practical way if flux expulsion can be gauged with bulk structural
analysis on a starting material, prior to cavity fabrication. Studying sample should be prepared at
the same condition of cavity fabrication.

A flux expulsion ratio of Bs/Bne = 1.7 corresponds to complete or near complete expulsion
of external magnetic flux. Only SC02 and TE1IAES024 cavities meet this requirement with AT <

4 K with 900 °C HT; some other cavities achieve close to this ratio with AT > 5 K, as shown in



Fig. 1. However, few cavities still have poor flux expulsion ratio regardless of cooling gradient. In
particular, the cavity NX02 trapped nearly all fluxes during superconducting transition, even for
large AT. The N2 materials used for the NXO01 cavity also shows by far the least amount of grain
growth even after 1000 °C HT.

The bulk structural properties of the SRF Nb materials were evaluated in terms of ASTM
grain size G based on Table 2 for grain size relationships computed for uniform, randomly oriented,
equiaxed grains from [29]. Planimetric (Jeffries’) and Abrams’s circular intercept procedures
showed similar grain size, but the sizes are ~10-15 % bigger than those from EBSD-OIM study.
EBSD-OIM analysis is further compared to both conventional methods because EBSD-OIM
discriminates grains based on crystal lattice orientation and identifies low angle GBs (< 1-2°) that
are not clearly revealed with chemical etching like BCP due to minimal difference in surface
energy between grains. However, EBSD-OIM is limited with both of scan area and scan step size,
so that we compensated large scan area (1.8-2 mm?) with proper scan step size (4-5 pm) in order
to cover the entire cross section of the sample (2 mm x 2 mm) for better comparison. Nevertheless,
this step size was not enough to recognize dislocation-related low angle grain boundaries like GNB
(geometrical necessary grain boundaries), which are generally produced by mechanical
deformation [38].

During 900 °C/3 hrs HT, most of SRF Nb materials experienced rapid grain growth, and
then the Nb grains gradually grew as heat treatment temperature increased up to 1000 °C. S6
(materials from the cavity SC06) had grain diameters of half a millimeter and larger (Fig. 5),
corresponding to G ~ 00 after 1000 °C HT. In contrast, N2 (cavity NX-02) showed the least amount
of grain growth, less than 100 um of grain diameter, even after 1000 °C HT. This trend is well
described in Table 6 (from Jeffries’s procedure), and Table 4 and Figure 6 (from EBSD-OIM
analysis). After 900 °C HT, ASTM grain size No. (G) of the all samples (except N2) significantly
decreased as a result of ~35-50 % increasing of grain diameter, and then reaching close to G ~ 00-
0.0 with 1000 °C HT. S6 sample shows the highest grain growth rate after 1000 °C HT, but the
SCO06 cavity has Bs./Bnc ~ 1.57 at AT =5 K with 900 °C HT, which is lower than the ratio of SC02,
SC04, and TETAES024 cavities (Bse/Bne ~ 1.69, 1.59, and 1.68 respectively). Cavity SC02 has the
highest Bs./Bnc at AT =2 K and 5 K with 900 °C HT temperature, with the largest grain size ~200

pm. This result suggests that grain growth rate indicates the extent of which heat treatment remove
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defects in the bulk SRF Nb cavity. Thus, like S6 Nb materials, if heat treatment is applied above
1000 °C HT, flux expulsion behavior would be expected to further improve from 900 °C HT.
However, such high temperature HT may also induce significant degradation on mechanical
sustainability, so-called stiffness [39,40]. If the Nb cavity wall is too soft, it may result in
undesirable detuning during handling [13,41]. This is why it is important to identify heat treatment
temperatures that are sufficiently high to achieve strong flux expulsion without being excessively
high.

Figure 7b) provides a guideline of how this type of analysis could be used to evaluate if a
given heat treatment is sufficient to provide strong expulsion. Based on the requirements chosen
for Bse/Bne at a given AT, one could set a minimum grain size for a given heat treatment. For
example, the ~ 45 um grain size of N2 may be considered too small (expected to result in poor
expulsion) and therefore a higher heat treatment temperature would be selected where more grain
growth was observed (or else possible rejected if insufficient growth was observed even in samples
heat treated up to 1000 °C). By observing grain growth vs temperature for a series of samples from
a given heat production lot, a heat treatment temperature and time could be recommended for that
lot to the cavity vendor. For example, for S2 and A4, 900 °C for 3 hours seems to be sufficient.
For A2, S4, and S8, a somewhat higher temperature ~ 925 °C or 950 °C for 3 hours may be
recommended, where more growth was observed without becoming too high. This method would
avoid cryogenic testing to evaluate flux expulsion. The vendor would not need high resolution
grain size evaluation with EBSD-OIM because this study shows that simple planimetric circular
intercept method is enough to measure grain size with expecting error percentage. This method for
choosing heat treatment temperature has not yet been evaluated in production, but it would be
interesting to test it, possibly in conjunction with at least some cryogenic testing for verification
in a future production. We also evaluated the cavity TDO1 (Nb sheet #: T10971, shown in Fig. 1)
and its coupon samples, but the magnetic expulsion ratio and grain growth were inconsistent with
the sheet locations, so that we decided to exclude the result from this paper. There might be
inhomogeneity in the sheet materials. As Palczewski [42] pointed out, flux expulsion behavior of
the cavities heated treated at the same temperature lot can vary with the batches from the same Nb
vendor. However, our re-evaluation on another area of the TD1 coupon followed the similar trend

guided by the red-dotted line with 152.7 um of a grain size.
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It is not known at this point how changes in the manufacturing process would change the
grain size increase corresponding to the onset of strong flux expulsion. It would be interesting to
study the effect on both flux expulsion and grain growth for changing sheet production parameters
including purity, rolling procedure, annealing temperature/time, and roller levelling (or “kiss pass”
rolling) after annealing. However, this would be a much more involved study. It would be also be
interesting to look at the flux expulsion at different temperatures (beyond just 900 °C) in these
cavities to see how well the grain growth at these temperatures corresponded to flux expulsion
behavior at the same temperature.

Specific types of the defects responsible for preferential flux trapping on the SRF cavity
could not be identified in this study, thus high-resolution microcopy will be performed in the future
work. However, since a correlation between flux pinning sites and pinning sites for grain growth
(assuming a pinning mechanism for both of these phenomena) were observed, it does hint at certain
types of features for pinning flux, such as LAGBs and dislocation clusters, which may also pin
grain growth. This add some additional information for identifying the underlying mechanism for
variation in flux expulsion in different SRF-grade niobium.

In summary, we investigated the relationship between external magnetic flux expulsion
behavior of the SRF Nb cavities and grain growth using various Nb materials by applying heat
treatment temperature from 800 °C to 1000 °C for 3 hours. For quantitative analysis of Nb grain
growth, two different characterization methods were compared; 1) conventional optical imaging
analysis and 2) EBSD-OIM methods, in order to verify compatibilities of each methods. Variations
of grain size along with heat treatment temperature are represented based on ASTM grain size No
G. SRF Nb grains rapidly grew with 900 °C HT and mostly recrystallized after 1000 °C HT. The
magnetic flux expulsion ratio (Bse/Bnc) improved with increasing of grain size, but a rough and
monochromatically increasing trend was observed at thermal gradient, AT =5 K, after 900 °C HT.
This suggests that controlling grain size with heat treatment temperature would be the pathway of
achieving optimum expulsion ratio in SRF Nb cavity, prior to practical cavity fabrication. This
study is aiming not for fundamental investigation on recovery, recrystallization, and grain growth
of SRF Nb materials, but for improving the understanding of magnetic flux expulsion behavior of
the Nb cavity with starting materials. It is also strongly believed that the method that we applied
for conventional grain size measurement would be a good reference to SRF Nb material and cavity

vendor and SRF community.
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Table 1. The list of the single cell SRF Nb cavities, SRF-grade Nb sheets, and coupon ID,

studied in this paper.
Serial # of SRF grade Nb sheet Cavity # Coupon ID
T10971 TDO02 T2
N10786 NXO01 NI
N11302 NX02 N2
T13688 SC04 S4
T13971 SC06 S6
T13128 SCO08 S8
T13456 SC02 S2
250 TE1AES024 A4
78XX TE1AES022 A2
1.8
© RDT-TD-01900C 3 h
17" + RDT-TD-02900 C 3 h
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FIG. 1. Magnetic flux expulsion rate (Bs¢/Bnc) of the single cell SRF Nb cavities depending on
cooling gradient (AT [K]), after 900 °C/ 3 hrs heat treatment at 10 torr vacuum.
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? 100um
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FIG. 2. Laser intensity surface image (2048 x 1536 pixels) of BCP’ed (chemically etched) A4
(TE1AES024) after 800 °C/3 hrs heat treatment, at 100X magnification by scanning laser
confocal microscope (SLCM). a) Planimetric (Jeffries) procedure with an arbitrary circle (red)
and b) Abrams circular intercept procedure with three circles (blue). A, B, and C represent the

areas having different roughness at grain boundaries (GBs)

Table 2. Grain size relationships computed for uniform, randomly oriented, equiaxed grains, a
part of Table 4 in ASTM E112-13 [29]. Reproduction with copyright certified from International

ASTM
Grain Size No. [G] N, (Grains/Unit Area) d (Average Diameter)
No./mm; at 1x pm

00 3.88 508.0

0 7.75 359.2
0.5 10.96 302.1
1.0 15.50 254.0
1.5 21.92 213.6
2.0 31.00 179.6
2.5 43.84 151.0
3.0 62.00 127.0
3.5 87.68 106.8
4.0 124.00 89.8
4.5 175.36 75.5
5.0 248.00 63.5
5.5 350.73 53.4
6.0 496.00 44.9
6.5 701.45 37.8
7.0 992.00 31.8
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FIG. 3. (a) br

ess and contrast image of kikuchi pattern intensity and (b) inverse pole figure

of the A4 (TE1AES024) coupon, heat treated at 800 °C/3 hrs, from electron backscattered

diffraction — orientation imaging microscopy (EBSD-OIM) with a 4 um scanning step size. The
legend describes color codes for grain orientation.
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FIG. 4. Size distributions of inner (bright orange) and edges or corners (blue) grains,
characterized with EBSD-OIM scanning on the A4 sample (TE1AES024) after 800 °C/3 hrs heat
treatment (Fig. 3). Solid lines represent averaged histogram of frequency (counts).
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FIG 5. IPF (inverse pole figures) (top) and grain size distributions (bottom) of the S6 (SC06)
coupon samples after thermally treated at (a) 800 °C, (b) 900 °C, (¢) 950 °C, and (d) 1000 °C for
3 hours, evaluated by EBSD-OIM with 4 um scan step size. Right orange and blue lines in the
distribution profiles present averaged histogram of frequency (counts) of inner and edge or

corner grains in the field of scan view, respectively.

Table 3. ASTM E112"® Grain size No. (G) of the BCP’ed Nb samples analyzed by planimetric
(Jeffries’s) procedure.

Cavity # Coupon ID 800 °C 900 °C 975 °C
TDO02 T2 5.5-6.0 1.5-2.0 1.0-1.5
NXO01 N1 5.0-5.5 3.0-3.5 1.5-2.0
NX02 N2 7.0-7.5 6.0-6.5 4.5-5.0
SC04 S4 5.0-5.5 3.0-3.5 2.0-2.5
SC06 S6 6.0-6.5 2.0-2.5 0.5-1.0
SC08 S8 4.5-5.0 1.5-2.0 1.5-2.0
SC02 S2 4.0-4.5 1.0-1.5 0-1.0

TE1AES024 A4 4.0-4.5 1.5-2.0 1.0-1.5
TE1AES022 A2 5.5-6.0 3.0-3.5 1.5-2.0
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FIG. 6. Variation of average grain size of the coupon samples as a function of heat treatment

temperature for 3 hours, from EBSD-OIM study.

Table 4. ASTM E112"* Grain size No. (G) of the coupon samples based on grain diameters
evaluated by EBSD-OIM study, with Bs./Bnc at AT =5 K.

Cavity # No | Bs/Bnc 800 °C 900 °C 950 °C 975 °C 1000 °C
TDO02 T2 1.5838 5.0-5.5 2.5-3.0 1.0-1.5 0.5-1.0 0.5-1.0
NXO01 N1 1.4378 5.0-5.5 3.4-4.0 2.5-3.0 2.0-2.5 1.5-2.0
NX02* N2 1.0842 6.5-7.0 6.0-6.5 5.0-5.5 4.5-5.0 4.5-5.0
SC04 S4 1.5948 5.0-5.5 3.5-4.0 2.0-2.5 2.0-2.5 1.0-1.5
SC06 S6 1.5726 5.5-6.0 3.0-3.5 1.0-1.5 1.0-1.5 00-0.0
SCO8 S8 1.5618 4.0-4.5 3.0-3.5 1.5-2.0 1.5-2.0 0.5-1.0
SC02 S2 1.6851 4.5-5.0 2.0-2.5 0.5-1.0 0.5-1.0 0.0-0.5

TE1AES024 A4 1.6758 5.0-5.5 3.0-3.5 1.0-1.5 1.0-1.5 0.5-1.0
TE1AES022 A2 1.5206 6.0-6.5 3.0-3.5 1.5-2.0 1.5-2.0 1.0-1.5
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FIG. 7. Flux expulsion ratio (Bs¢/Bnc) at AT =2 K (a) and 5 K (b) vs average grain sizes of the
coupon samples after 900 °C/3 hrs HT, determined by EBSD-OIM analysis. The red dotted line
is drawn for an eye guide of rough and monochromatic linear trend between Bse/Bne and grain

size.
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