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Effect of Strain on the Resistivity and Thermal
Conductivity of High Purity Niobium

S. Balachandran ', P. Xu ", P. Dhakal

Abstract—High purity niobium (Nb) is a technologically im-
portant material for large-scale accelerator and nano-scale quan-
tum computing applications in microwave frequency range. The
high thermal conductivity and low resistivity of Nb are critical to
the high performance at temperature range of 0.01-4.0 K. The
presence of interstitials such as O, N, H, and C act as scattering
centers and alter the mean free path, reducing resistivity and ther-
mal conductivity, and contributing significantly to Nb’s thermal
performance for temperatures of 2.0 K and above. The residual
resistivity ratio (RRR), defined as the ratio of the normal state
resistivity at 300 K to that at 4.2 K (Nb, 7., = 9.2 K), is an accepted
direct estimate of the impurity content of fully recrystallized Nb.
Complete re-crystallization of Nb is challenging unless very high
temperatures are employed, which is often impractical, hence, in
practice, dislocation and dislocation structures impact the thermal
performance of Nb due to strong phonon scattering contributions.
This paper reports on the degradation of thermal conductivity and
RRR of high purity Nb large grain, single crystal with fixed impu-
rity, varying strain, and dislocation content levels. Experimental
thermal conductivity data fits the Boltzmann transport equation
incorporating dislocation density.

Index Terms—Thermal conductivity, niobium, superconducting
radio frequency cavities.

1. INTRODUCTION

IOBIUM superconducting radio frequency (SRF) cavities
N are enabling technology for accelerators and beams [1].
The emerging area of quantum computing [2] Nb, being a
metallic superconductor with a critical temperature (7.) of 9.2 K,
alower critical magnetic field H.; of 200 mT, and excellent bulk
fabricability, provides a distinct advantage to fabricate complex
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cavity shapes [3]. High field gradients beyond 40 MV/m [4]
and high efficiencies or quality factors (Qo ~ 101 — 10*!) (~
1.5-1.7 K) are obtainable with SRF Nb cavities with various
methodologies of tuning the surface by interstitial doping and
surface preparation [4], [5], [6], [7], [8]. The temperature range
of operation of these SRF structures varies between mK (quan-
tum computing and sensing) to 2.0 K (linear accelerators). At
these low temperatures, thermal conductivity, x of Nb is poor,
and dissipation of heat due to RF losses could be a limiting issue
for devices. Electron transport is largely diminished due to the
formation of Cooper pairs below 7., and the main mechanism
that dominates thermal conductivity is the phonon transport [ 15].
Phonons can be disrupted by the following mechanisms: a)
scattering due to normal unpaired electrons, b) boundary scat-
tering, and c) due to crystalline defects such as dislocations of
the crystal lattice. By far, most models for Nb adopt phonon
scattered by electrons and boundaries to fit the < 10 K data,
however, considerations of dislocation based scattering are not
common. The assumption to neglect dislocation based scattering
can however be critical since Nb needs to be formed into complex
shapes through deformation which leads to lattice defects in the
form of dislocations and dislocation structures [9]. These defects
cannot be easily annealed once formed [10], and will disrupt
the low temperature thermal conductivity. Recently, Xu et al.
[11], [12] have incorporated a microscopic model to include
dislocation density (/Ng) in the phonon-dislocation interaction
term for k. A dislocation based model can be explored by
advanced microscopy techniques as well as careful uni-axial
strain based systematic studies.

In this paper we provide a systematic preliminary study of
thermal conductivity, in a large grain-single crystal undergoing
permanent plastic to varying strain levels and we fit the model
developed by Xu et al. [12]. With the initial material state being
a constant, we are able to deduce the N; and resistivity as a
function of strain, €. Our initial evaluations show that the model
is robust for tracking variations in the material state such as heat
treatments and changes in interstitials when heat treated, even
when the dislocation content does not vary. These promising
results suggest predictability of x, in the presence of microscopic
variables.

II. MATERIALS AND METHODS

A. Description of Raw Material and Samples

The Nb used in this study is from a multiple-pass electron
beam (EB) melted large grain ingot. The material chemistry

1051-8223 © 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Florida State University. Downloaded on April 28,2023 at 19:02:33 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-0077-8504
https://orcid.org/0000-0003-3196-9802
https://orcid.org/0000-0002-9381-4091
https://orcid.org/0000-0002-8849-8995
mailto:shreyas@jlab.org
mailto:peng.xu@magnet.fsu.edu
mailto:walsh@magnet.fsu.edu
mailto:lee@asc.magnet.fsu.edu
mailto:dhakal@jlab.org
mailto:Matthew.Carl@ATImetals.com
https://doi.org/10.1109/TASC.2023.3262218

3500805

Tensile specimen

e

50mm 1 " 601 101

Fig. 1. Electron beam melted Nb slab of RRR ~267 (measured at ATI) as
received from ATI metals. a, and b indicate the different views of the slab, c,
is the EDM’ed slab out of which sub-specimen tensile samples in accordance
with ASTM-ES8 were cut after an initial buffered chemical polish (BCP) of the
Nb slab, and d, is the orientation imaging micrograph of grain 1, which is along
the gage length of the tensile specimen.

is in accordance with high purity Nb for SRF applications,
with interstitial content H, N, O < 10 ppm. The RRR mea-
sured at Allegheny Technologies Incorporated (ATI) Metals
was 267. Fig. 1(a) and (b) depicts the ingot slab, from which
cross-sectional strips were cut with a wire electro-discharge
machine (EDM) and chemically polished using a standard buffer
chemical polish containing 1:1:2 of HF : HNOs3 : H3 POy by
volume to reveal the large Nb cast grains. A large grain bi-crystal
was selected and ASTM-ES8 [13] sub-specimen were cut with the
gauge length of 30 mm, and thickness of ~3 mm. In order to
reduce the variables, the gauge length section of each of the
specimen consisted of the same large grain. In all the tests
performed, the orientation was kept a constant. Tensile tests
were conducted in accordance to ASTM ES8, under displacement
control and a strain rate of 5 x 107°s~!. Strain was measured
using a class E extensometer over a gauge length of 25 mm. The
tensile deformation is given by the engineering strain ¢, defined
as: e = (Ly — Lo)/Lo, where Ly is the final length, and Lg
= 25 mm is the initial gauge length. The tensile samples were
strained in the range of € = 0.51-16 %. All the tensile tests were
conducted at NHMFL.

B. Thermal Conductivity Measurements

Experimental thermal conductivity measurements were per-
formed at Jefferson Lab, using an in-house setup and procedures
developed for measurement of thermal conductivity of Nb in
the temperature range of 1.5 K-10 K as mentioned in [14].
The setup is immersed in liquid helium and lower temperatures
were obtained by pumping the liquid helium to sub atmospheric
pressure. A heater was installed at one end of the sample and
the other end was exposed to superfluid helium.

In steady state, the thermal conductivity, x of the specimen as
a function of temperature (7") is given by

Pd

= AAT M

where P is the power supplied to the resistive heater, d is
the distance between two temperature sensors installed on the
specimen, AT = T} — T is the temperature difference between
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two temperature sensors and A is the cross-sectional area of the
specimen.

III. THERMAL CONDUCTIVITY MODEL

The thermal conductivity of Nb modeled here is a parame-
terized approach of Bardeen- Rickayzen-Tewordt (BRT) [15],
as performed by Koechlin and Bonin [16], according to the
Bardeen-Copper-Schrieffer (BCS) theory [17]. A brief descrip-
tion of the model is as follows. Thermal conductivity is an
additive effect of electron and phonon contributions and can
be expressed as k = K¢ + Ky, Where k. represents the thermal
energy carried by electrons, and r,, the thermal energy carried
by phonons. The thermal conductivity due to electrons is given
by

ke = R(y) [% + aTﬂ o 2)

where the term y in R(y) is defined as, y = A(T)/kpT, where
A(T) is the superconducting energy gap, kp is the Boltz-
mann constant, p is electrical resistivity at 4.2 K. L = 2.45 x
10~8 WK~2 is the Lorentz constant, and « is the coefficient of
momentum exchange of electrons with the lattice. The term R(y)
quantifies the condensation of normal conducting electrons into
Cooper pairs, R(y) = 1 at normal conducting state. The phonon
contribution ), is given by,
1 1 -t

% = | pavre " s TV ©)
where D refers to phonon scattered by electrons, B corresponds
to phonon scattered by boundary scattering, including physical
or/and grain boundaries, [ is the phonon mean free path, and
W, is the thermal resistance due to phonon scattered by dislo-
cations developed by Xu [12], which incorporates the randomly
distributed dislocation structure as described by Klemens [18]
as

WyT?  0.38vh?b%y?
Ny K3

“)

where N is the dislocation density,  is the Griineisen constant
(1.4 for Nb), b is the Burgers vector, v is the average group
velocity of Nb, £ is the Planck constant, and k5 is the Boltzmann
constant. In the superconducting regime of interest, . decreases
due to the free electrons forming Cooper pairs, and the x,, term
dominates at very low temperatures. The experimental data is
fit to determine the model parameters, a, D, B, N4. Since we do
not have an independent resistivity measurement we also fit p
and report it here.

IV. RESULTS
A. Tensile Testing

Fig. 2 shows the tensile testing done of the large grain EBM,
as received (AR) Nb with a single crystal (labeled 1, in Fig. 1) in
the gauge length. The orientation of this crystal in Euler angles
is: 1= 323°, & = 53°, ¢ = 186°, this corresponds to the
tensile axis is along the [111] orientation of the crystal indicated
by the inverse pole figure (IPF) insert in Fig. 2. For this study
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TABLE I
SUMMARY OF MODEL PARAMETER FIT OF THE EXPERIMENTAL THERMAL CONDUCTIVITY DATA

3500805

Fitting parameters As received (AR)  AR+e=5.1% AR+e=10.2%  AR+e=16%  AR+1000 °C/3 h
Dislocation density, Ng m 2 1.21x1010 6.74x1013 2.34x10™% 8.1x 10 1.19x 1010
Phonon-boundary scattering, B Wm=2K % 451 451 451 451 6164
Phonon-electron scattering, D Wm~ 1 K3 3x10~3 3x10~3 3x10~3 3x10~3 3x10~3
Coeff. of electron-lattice momentum exchange, a mW 1 K~1  3.9x10~6 3.9x10~6 3.9x10~6 3.9%x10-6 3.9%x10-6
Resistivity at 4.2 K, uQem 4.3x10~2 497%x1072  5.15x102 5.5x1072 7.16x10—2
R2-model fits to experimental data 0.949 0.999 0.997 0.996 0.999
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Fig. 2. Tensile test of all the large grain samples used in this study with a Fig. 3. Thermal conductivity as a function of temperature as obtained exper-

single grain in the gauge length deformed to various levels of plastic strain e.
The tensile axis corresponds to ~ [111], as indicated in the IPF. Notice the
considerable repeatability in the tensile test curves from different samples.

we stopped the tests on the various samples at strain values of
0.005, 0.008, 0.051, 0.102, and 0.16. The stress-strain response
is consistent with high purity Nb, with very low initial yield
strength value in the range of 26-29 MPa. The flow stress values
ate =5%, 10 % and 16 % are 42.5 MPa, 45 MPa, and 45.3 MPa,
respectively. Notice the higher slope in the low strain regime of
€ < 5%, and a decreased slope after ¢ > 5% for these samples.
The consistent stress-strain response with minimal deviations
suggests that samples have a similar initial starting condition
which is important for comparisons.

B. Thermal Conductivity

Thermal conductivity measurements in the range of 1.5-10 K
were performed on the AR, AR+¢ = 0.05, AR+¢ = 0.102, and
AR+e = 0.16 samples. The experimental data along with the
model fit are shown in Fig. 3. The parameters, N4, B, D, a, and
p for fits obtained are summarized in Table 1.

The fitting process was performed in the following way: First,
the AR sample was fitted with 5 parameters, then parameters a,
B, and D were kept the same for the strained sample, only p and
N4 were fitted. For the sample after heat treatment, the boundary
scattering term B was fitted in addition to the parameters p and
Ny.

imentally is shown by symbols. The dotted line corresponds to the model fit.
The model as described in Section III, fits the experimental data well in the
superconducting regime.

The fit predicts an increase in the dislocation density with
strain from an initial dislocation density of 1.2 x 10! m~2 in
the AR sample to 8.10 x 10'* m~2, after a strain of € = 0.16.
After a 1000 °C/3 h heat treatment of the AR sample, no change
in dislocation density is implied, however the heat treatment
does increase the phonon-boundary scattering term by an order
of magnitude to 6164. The model fits the contribution of phonon
scattering by dislocations, and predicts the dislocation density.
The plot of predicted dislocation density with strain in Fig. 4
shows a high increase in dislocation density during the initial
deformation and a gradual leveling at higher strain values.

Since we did not measure the resistivity of the sample in-
dependently, we have predicted the resistivity from the ther-
mal conductivity data. The p4, i increases with strain from
4.3 x 1072 p©) - cm in the AR condition to 5.5 x 1072 u - cm
after a deformation of € = 0.16. The model fit of p provides a
prediction of variation in resistivity as a function of strain plotted
as p — pe=o Vs. €, as shown in Fig. 5, and compared with data
obtained by Zubeck [19] in the same strain range.

V. DISCUSSION

There is a clear indication from the experimental data in Fig. 3
that strain has a detrimental impact on the thermal conductivity.
The model for thermal conductivity presented in Section III fits
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Fig. 4. Predicted dislocation density as a function of tensile strain. The model

predicts an expected higher increase in dislocation density during initial stages
of deformation and the gradual leveling off after subsequent straining.
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Fig.5. Contribution to Nb resistivity as a function of tensile strain as predicted

by the thermal conductivity model. The parabolic curve is added as a guide to
the eye.

the thermal conductivity data with very high confidence. The fit
parameters indicate that the phonons scattered by electrons and
the electron scattered by phonons in Nb do not change during the
course of the study. The major differences predicted by the model
due to strain are in the electron resistivity term and the phonon-
dislocation coupling component which leads to the prediction of
dislocation density in the present model. There is also a variation
in the boundary scattering term between the AR, AR + strained
samples and the 1000 °C/3 h heat treated samples.

A. Effect of Strain and Dislocation Density

Based on the design of the experiment, the major differences
that occur in the phonon-scattering terms are due to the increase
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in dislocation line defects with strain. Fig. 2 indicates the typ-
ical flow stress or resistance to deformation as the material is
strained. The high initial slope of stress versus strain (large strain
hardening) in the Nb sample (also known as stage 1, 2 hardening)
occurs due to a high increase in the dislocation density [20],
and the subsequent decrease in slope occurs when dislocations
form low energy dislocation structures to minimize long-range
stresses in the crystalline material [21], [22]. The model is able
to predict the dislocation density trend during straining shown
in Fig. 4, by the rapid initial increase in parameter Np. Np
varies by orders of magnitude from 10'° m~2 in the AR sample
(0% strain) to 10'3 m~2, after 5% deformation, and 104 m 2
after 16% deformation. The N, values of 10'° m~2, for the
AR and AR+1000 °C/3h sample indicate that the EB melted
ingot and the 1000 °C/3 h heat treatment have very low starting
dislocation densities consistent with fully annealed material [9].

The actual dislocation densities in these samples can only be
verified by advanced microscopy such as transmission electron
microscopy or high resolution electron back-scatter imaging.
The authors want to note here that, the evolution of dislocation
density under strain is complex depends on orientation, purity,
and initial microstructure- single crystal versus poly-crystalline
with grain boundaries [23], and a full description is beyond the
scope of this paper. The relationship between shear strain ()
on the slip system and dislocation density (p), burgers vector
(b), and dislocation velocity (v) in low strain (< 1%) regimes
follows the Taylor-Orowan equation [24]. For higher strains,
dislocation interactions lead to complex structures and involves
sophisticated models for dislocation dynamics to predict dis-
location density evolution [25], [26]. In general for annealed
single or polycrystalline Nb microstructure, the dislocation den-
sity increases at a faster rate during initial stages of plastic
deformation and begins to plateau with increase in strain [20],
a trend also observed from the estimated dislocation density
parameter in Fig. 4. It is speculated that trends observed in this
paper maybe applicable to polycrystalline Nb material with very
low preferential texture.

B. Dependence of the Phonon Peak

In previous studies of measurement of resistivity versus
strain [27], there is an appearance of the phonon peak in the unde-
formed sample and the phonon peak persists up to a strain of 7%
for very high R R R Nb, indicating that the decrease in the phonon
peak is mainly a contribution of increased dislocation content.
However, we do not see any phonon peak in the as-received
EB melted sample in this study and only after a 1000 °C/3h
annealing of the undeformed AR sample. Since there is no
deformation in the EB melted AR and AR +1000 °C/3 h sample,
the dislocation content does not vary in these samples, which is
also confirmed by the N, value of 10'° m~2 provided by the
model.

The initial condition of our samples are EDM cut +BCP, which
introduces hydrogen and interstitials into the initial sample [28].
Aftera1000°C/3hina < 10~ torr environment in the absence
of gettering, only hydrogen is removed from the bulk whereas
oxygen from the environment diffuses through the bulk. The
removal of H leads to the appearance of the phonon peak,
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whereas the increase in overall interstitial O content would lead
to a decrease in k, over the temperature range as indicated in
Fig. 3 [29]. We would expect the phonon peak in our samples if
the study was repeated with samples that were initially annealed
with gettering and then strained to introduce dislocations. In
fact, what we have shown here indicates a robust model able to
predict the dislocation density in spite of other initial condition
that can affect the thermal conductivity, in this instance being
heat treatment, and interstitial content even in the presence of
a phonon peak. These initial experiments show a non-linear
dependence of resistivity with strain when the initial material
condition is kept constant. Independent resistivity measurements
could be preformed to verify this trend.

VI. SUMMARY

The thermal conductivity of large-grain Nb after varying
tensile strains has been measured. The fitted thermal conduc-
tivity considering phonon scattering by dislocations agrees well
with the experimental results. The model is robust and able to
predict the dislocation density even in the presence of a phonon
peak when there is no deformation. The predicted dislocation
density by the model does not vary significantly between EB
melted and annealing treatment suggesting that the initial EB
melted material has very low dislocation content or internal
strain. Preliminary results indicates a non-linear relationship
between plastic strain and resistivity, and an expected trend in
the evolution of dislocation density that incorporates the stage
1, 2, and 3 hardening behavior typical of cubic metals.
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