
PREPRIN
T

UNDERSTANDING THE CONNECTIONS BETWEEN GRAIN GROWTH
AND FLUX EXPULSION IN LOW RRR NIOBIUM SRF CAVITIES∗

K. Howard† , Y.-K. Kim, University of Chicago, Chicago, IL, USA
D. Bafia, W. Dziedzic-Misiewicz, Z. Sung, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract
The SRF community has shown that high temperature

annealing can improve the flux expulsion of niobium cavi-
ties during cooldown. The required temperature will vary
between cavities and different batches of material, typically
around 800 ℃ and up to 1000 ℃. However, for niobium
with a low residual resistance ratio (RRR), even 1000 ℃ is
not enough to improve its poor flux expulsion. The purpose
of this study is to observe the grain growth behavior of low
RRR niobium coupons subjected to high temperature anneal-
ing to identify the mechanism for improving flux expulsion
in low RRR cavities. We anneal the low RRR material up
to 1200 ℃ to understand the limits of flux expulsion per-
formance. We observe that low RRR material experiences
less grain growth than high RRR when annealed at the same
temperature. We search for the limitations to grain growth in
low RRR material and develop a diagnostic based on grain
structure to determine the appropriate recipe for good flux
expulsion. The results of this study have the potential to un-
lock a new understanding on SRF materials and enable the
next generation of high Q0/high gradient surface treatments.

INTRODUCTION
As we approach the theoretical limits of niobium for su-

perconducting radio-frequency (SRF) cavities, immense im-
provements in quality factor (Q0) and accelerating gradients
have been possible though intentionally added impurities
into the niobium surface [1]. Many SRF studies follow a
”clean bulk dirty surface” technique by adding impurities
to the surface layer of high purity niobium such as nitrogen
through N-doping [2]. N-doped cavities are found to have a
high sensitivity to trapped flux, so efficient flux expulsion has
been critical for their implementation in accelerators [2–8].

During cavity testing, a fast cooldown is typically per-
formed to prevent trapped magnetic flux [5–10]. In this
process, there is a large thermal gradient across the cavity
as it crosses through the superconducting transition temper-
ature Tc. This allows for a sweeping phase transition to the
Meissner state, where the depinning force is stronger than
the attraction of the vortices to the pinning sites, and the
flux is effectively expelled [7, 8]. As the cavity transitions
to superconducting, the expulsion of flux from the cavity
walls increases the magnetic field outside the cavity [8]. We
observe a step change in the magnetic field, like in Fig. 1,
which corresponds to the amount of flux expelled in this
phase transition [8, 9].
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Figure 1: Fast cooldown with gradient ΔT = 13.7 K in 20 mG
external magnetic field expels flux at BSC/BNC = 1.63.

By not following the fast cooldown procedure, normal con-
ducting vortices may get trapped within the superconducting
lattice. Oscillation of vortices during RF operation intro-
duces significant dissipation [11, 12]. If all regions reach
Tc simultaneously, the superconducting phase nucleates in
multiple locations [7, 8]. If attraction between vortices and
pinning sites is more energetically favorable than the onset
of superconductivity, flux becomes trapped, and we observe
minimal change in the magnetic field [9], like in Fig. 2.

Figure 2: Slow cooldown with gradient ΔT = 0.0145 K in
20 mG external magnetic field traps flux at BSC/BNC = 1.021.

For accelerator application, we need SRF cavities to be ro-
bust against small magnetic fields, as creating a large thermal
gradient across many cryomodules is difficult. For cavities
with poor flux expulsion, we must fix this issue in order
to reach high Q0. A high temperature anneal of 900 ℃ or
1000 ℃ is known to improve flux expulsion [6, 9, 13–17].
Alongside this improvement, sample studies observe grain
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growth and changes in grain orientation [6,13,15,18]. Flux
pinning is related to defects in the crystal structure which
motivates materials studies to make this connection [19,20].

The success of intentionally added impurities to the nio-
bium surface has drawn deeper questions about how these
impurities affect cavity behavior, and has prompted an in-
vestigation of cavities with a low residual resistance ratio
(RRR). Low purity niobium has been studied previously for
the purpose of cost reduction and possible high Q0 [21].
In this study, we view intrinsic impurities as a resource to
understand the mechanism of impurity-based improvements.

In our low RRR cavity, flux is nearly fully trapped at all
thermal gradients, even after 1000 ℃ annealing [22]. We
ask why this is not enough to resolve the problems of low
RRR material. Low RRR niobium has a higher concentra-
tion of impurities and defects, which would serve as pinning
sites for higher sensitivity to trapped flux [6]. We concen-
trate on the connection between flux expulsion in low RRR
cavities and the crystal structure of the niobium material.

RESULTS
We quantify flux expulsion via measurements of fluxgate

magnetometers on the cavity equator while cooling down
across Tc in a uniform magnetic field [9]. We take the ratio
of the measured magnetic field before (BNC) and after (BSC)
the superconducting transition. If flux is fully expelled, we
observe BSC/BNC ≈1.7 [8], like in Fig. 1. If flux is fully
trapped, BSC/BNC ≈1, like in Fig. 2. Thermometers at the
top and bottom irises measure the thermal gradient (ΔT)
across the cavity. For different cooldowns, we plot BSC/BNC
versus ΔT in Fig. 3 to understand the efficiency of flux ex-
pulsion. The key result of this study is that the low RRR
cavity achieves full flux expulsion after 1200 ℃ annealing.

Figure 3: Flux expulsion ratio vs thermal gradient plotted
for different heat treatments.

We conduct a sample study using low RRR coupons cut
from the same sheet as the cavity to correlate the RF behavior
with the material properties. Through secondary ion mass
spectrometry, we found no impurities which explain the dra-
matically lower RRR [23], so we determine crystal structure
governs the RRR in this sheet. Because grain boundaries are

known to increase scattering, it is necessary to treat them as
impurities in the niobium lattice [19, 24, 25]. We ask how
the crystal structure responds differently to high-temperature
annealing. We bake the samples from 800 ℃ up through
1200 ℃, each for 3 hours, to observe how low RRR material
responds. The results are summarized in Table 1.

Table 1: Low RRR Sample Statistics

Sample RRR Median Grain Size LAM
Grain [µm] (G) [26] [°]

EP only 35 14.3 8.3 0.15
800 ℃ 63 10.7 8.9 0.14
900 ℃ 19.5 7.6 0.14
1000 ℃ 128 22.3 7.3 0.12
1100 ℃ 36.8 5.3 0.10
1200 ℃ 136 2.2 0.08

We perform electron backscatter diffraction to observe
defects at the sample surface. Images from scanning elec-
tron microscopy are processed by the AZtecCrystal software
into maps of the crystal structure. A grain is defined as a
region of the crystal structure showing the same crystalline
orientation, with its boundary having a change in orientation.
Our threshold angle for a grain boundary is 2 °. We export
a list of detected grains, and plot grain size as the square
root of the grain area, in Fig. 4. While we observe signifi-
cant increase in the RRR between as received condition and
1000 ℃, we don’t observe major grain growth until 1200 ℃.

Figure 4: Histogram and box plots of grain size for different
heat treatments.

We export the detected euler angles for each pixel. From
this, we calculate the crystal orientation with respect to the
surface normal direction. The distribution of orientations is
plotted as inverse pole figures in Fig. 5, where red represents
a larger proportion of the pixels. From 800 ℃ up through
1100 ℃, we observe a preference toward both the 100 and
111 directions. Only at 1200 ℃ does the preference shift
entirely toward 111.

We export local average misorientation (LAM) for each
pixel, plotted in Fig. 6. This is the deviation in orientation
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Figure 5: Inverse pole figures show the evolution of the crystal orientation for different heat treatments.

from the grain’s average orientation, and is a measure of the
dislocations within the lattice. For increasing temperature,
we observe a steady decrease in LAM.

Figure 6: Histogram of local average misorientation for
different heat treatments.

CONCLUSION
In this study, we achieve flux expulsion in the low RRR

cavity after 1200 ℃ annealing. We observe grain growth,
shift in orientation, and decreasing LAM with increasing
temperature. We identify parameters that change between
1000 ℃ and 1200 ℃ that may explain this improvement.
The small grain size after 1000 ℃ annealing is a possible
explanation of why this was not enough to expel flux.

Below 1200 ℃, we observe preference in grain orienta-
tion toward 100 and 111. The preference consolidates toward

111 at 1200 ℃, alongside improved flux expulsion. Other
studies have correlated recrystallization and improved RF
performance with this shift [25,27]. The observed decrease
in misorientation has also corresponded to improved RF
performance [19,24]. Grain recovery that occurs at lower
annealing temperature leaves behind flux-trapping defects in
the superconducting lattice [29]. The low RRR material in
this study required higher annealing temperature to achieve
full recrystallization and flux expulsion, in agreement with
previous work [14, 28, 29].

For cavities with poor expulsion, sample studies on the
could identify what temperature is enough to recrystallize
without going over. Understanding the required parameters
for good flux expulsion will provide input on vendor specifi-
cations for what material is acceptable for cavity fabrication.
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