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Abstract

Sodium-metal batteries are an attractive energy storage technology, owing to the low
cost and relative earth abundance of sodium. However, despite the importance of
electro-chemo-mechanical phenomena in alkali-metal batteries, experiments on the
mechanical properties of metallic Na are relatively scarce, especially in terms of its
viscoplastic response. In this work, we measured the temperature- and rate-dependent
deformation of sodium by performing tensile tests in inert gas environments. Digital
image correlation measurements were performed to track the local strain and rotation
fields. Temperature-dependent experiments were used to experimentally calibrate the
activation energy for creep. Furthermore, local deformation measurements of sodium
suggest that grain-size and crystallographic orientation effects may be important
considerations for sodium-based batteries. Finally, the implications of creep on the
performance of Na-metal batteries discussed, providing guidance for future modeling

efforts.
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1 Introduction

As the production of lithium-based batteries escalates, concerns have been raised about
the stability of supply chains for battery materials, especially cobalt!! and lithium (Li).[?!
To increase supply chain stability, sodium (Na) is an attraction option to supplement Li-
based batteries.[3] While Na is almost twice as dense (0.97 g/cc) as Li (0.53 g/cc), it is
about 1,000 times more abundant in Earth’s crust, (4] as outlined in Table S1. Furthermore,
Na-based batteries are compatible with cobalt-free cathodes and current collectors made
of aluminum (which is more easily sourced than the copper foils currently used with

Li).[%!

Na-based batteries take diverse forms, including Na-ion batteries (NIBs) that are
analogous to Li-ion batteries (LIBs),[*'% Na-O, batteries,''], aqueous Na
batteries,[1213] and solid-state Na-metal batteries.[!4] For both Li and Na solid-state
batteries, early investigations using Na-metal anodes were instrumental in the
development of effective solid-state electrolytes. Specifically, there is a long history of
literature on the degradation mechanisms of Na-B”-alumina solid electrolytes, with two

distinct failure modes: rapid propagation of Na-filled cracks (Mode I), and slow



degradation and internal deposition of Na resulting from chemical changes in the
electrolyte (Mode II).[1516] Present work continues to advance the state of the art for

both Li and Na solid-state electrolytes in a synergistic way.

To advance Na-based batteries, a thorough understanding of the mechanical
properties of Na is important. However, experiments on the mechanical properties of Na
are relatively scarce. A number of studies have focused on the elastic properties of
Na,[17-20] while few have characterized the viscoplastic properties of Na, especially at
temperatures at or above room temperature. Since Na has a low melting point (98°C)
and homologous temperature (0.8 at 25°C), which is even lower than that of Li
(Table S1), creep is expected to play a significant role in Na deformation at temperatures
and strain rates that are relevant to Na batteries, as has been demonstrated in prior work

on Li.[21.22]

Early works on the viscoplasticity of Na focused on its anomalous deformation

mechanisms at cryogenic temperatures.[23‘25]

Hull and Rosenberg reported the
stress-strain responses of Na in tension from 4.2 to 195 K at a strain rate of
approximately 1 x 107# s71.[23] Also, Herke, Kirchner, and Schoeck characterized the
plastic behavior of single-crystal Na.[?4] The critical resolved shear stress was observed
to be orientation-dependent for temperatures below 150 K. Measurements above 300 K

were said to be conducted, but quantified results above 300 K were not reported.[?4]

For the viscoplasticity of Na, power-law creep is a dominant deformation mechanism,
and three prior works[26-28] have measured the power-law creep exponent of Na at room

temperature. Sargent and Ashby[2°]

characterized Na in compression at 293 K for strain
rates between 1x107% and 5x107% s! and proposed a power-law creep model. The strain
rate (¢) for power-law creep can be expressed as a function of creep stress (0creep) and

temperature (T),121] with

) (1)

m
3 :Ac(acreep) exp( RT

for creep constant A., power-law exponent m, activation energy Q. and molar gas
constant R = 8.31 J mol™! K~!. Sargent and Ashby calibrated the power-law exponent

from their compression experiments at 293 K.

[27] (28]

Recently, Fincher et al.!“”! and Wang et al.!“®! investigated the elastic, plastic, and
creep responses of bulk Na at room temperature. The study from Fincher et al.l?’]

spanned several time and length scales through an experimental suite of



nanoindentation, microindentation, and bulk compression. As with prior work on
Li,[29-33] the strength of Na was shown to increase at the nanoscale, as corroborated by
recent in situ observations via environmental transmission electron microscopy. 34! From
Fincher et al.,[?’] the strain-rate sensitivity exponent 1 (the inverse of power-law creep
exponent m) was determined to be n =0.14 (m = 7.1) from nanoindentation and n = 0.20
(m = 5.0) from bulk compression. The study from Wang et al.[?8! included the first
measurements of the shear modulus and Poisson’s ratio of Na. It was hypothesized that

)(27,28] )[21,35]

the lower creep exponent for Na (m =5 compared to that of Li (m = 6.5 may

indicate that creep in Na is driven primarily by lattice diffusion. Therefore, it was

postulated by Wang et al.[?8!]

that the activation energy for Na creep could be close to the
activation energy for Na lattice diffusion (Q = 44 k] mol~! [36'37]). However, to date, the
temperature dependence of power-law creep in Na has not been experimentally

measured.

To develop a complete power-law creep model of Na, experiments that span a wide
range of temperatures are needed. To address this knowledge gap, the goal of this work
is to measure and understand the temperature- and strain-rate-dependent deformation
of Na. Herein, measurements of bulk Na samples in tension are presented over a range
of temperatures (273 to 348 K) and strain rates (4 x 107* and 3 x 1073 s7!). These
measurements enable a calibration of the activation energy for power-law creep of Na.
Compared to prior works that have characterized the viscoplastic deformation of Na
(Table S2),[26-28] this work is the first to present local deformation and rotation
measurements (via digital image correlation, or DIC). Finally, we discuss the relevance
of the temperature- and rate-dependent properties of Na in the context of Na-based

batteries.

2 Material and methods

The present work uses many of the same experimental techniques as our previous work
on Li,[?!] which were developed to address the difficulties of experimentation on alkali
metal systems in inert environments, and have to be adapted according to the material
system. In particular, new aspects of the current study from an experimental perspective
include the need to prepare thin samples of Na from the commercially available forms,

and the need for different DIC patterning techniques.



2.1 Sample preparation

Samples for analysis were prepared in an inert Ar glovebox environment from large
pieces of elemental Na (> 99.8% metals basis, shipped in kerosene; Sigma-Aldrich). As
high-purity Na foils are not commercially available, this work required producing the
foils manually (unlike our prior work on Li).[?!] First, clean pieces of Na were produced
by using a razor blade to cut away the native oxide layer of the as-received Na. Next, the
clean pieces of Na were melted on a sheet of aluminum foil on a hot plate to produce a
sheet geometry. After melting, the sheets of Na were allowed to cool on the hot plate.
The as-melted sheet thickness was approximately 10 mm. After melting and cooling,
and prior to rolling, the grain sizes were measured to be 1.03 + 0.60 mm (Figure S1),

using a digital optical microscope (Keyence VHX-7000).

After the Na pieces were cleaned, melted, and cooled, they were placed between two
polyether ether ketone (PEEK) polymer films and rolled into flat sheets. After each
rolling pass, the direction of rolling was alternated in the plane of the sheet. In this way,
there were many different rolling directions for each Na sheet, such that in-plane
anisotropy is likely to be minimized. However, as described in Section 3.1, the rolled
sheets likely had differences in the grain orientations between the in-plane and
through-thickness directions, which could have caused more deformation in the
through-thickness direction and less deformation in the in-plane directions. Two
thicknesses of samples were produced. The majority of samples were rolled to a
thickness of 5 mm and were cut with 5 mm wide cross sections. An additional, thinner
set of samples were rolled to a thickness of 3 mm and were cut with 3 mm wide cross
sections. In these narrower samples, only a few grains were present for a given
cross-sectional area for the 3 x 3 mm samples, and there was significant grain rotation, as
described in Section 3.3. For all experiments used to calibrate the power-law creep
model, the larger samples (with 5 x 5 mm cross sections) were used. The grain size did
not measurably change after rolling to 3 mm or 5 mm, nor after mechanical testing at
298 K and 348 K (Figure S1). Furthermore, no significant difference was found in the
optical micrographs of the cross-sections and the probability and cumulative

distributions of the various samples conditions (Figure S2).

2.2 Methods for strain-rate dependent deformation

The strain-rate dependent deformation of Na was characterized with a custom, glovebox-

incorporated mechanical testing system that was introduced in prior work.[?!] The setup



consisted of a stereo digital image correlation (DIC) setup and a custom load frame in an
Ar glovebox. The system used a screw-driven actuator (Newport TRB25CC) for constant-
displacement-rate measurements. Force was measured with a load cell (Futek LSB200,
2.2 N capacity). For 3-D DIC measurements, two machine vision cameras were mounted
on a tripod outside of the Ar glovebox, as shown in Figure S3. Cross polarization was used
to improve the DIC measurements. 38! Further details about the DIC setup are provided
in Table S3.

Tensile samples were cut from Na foil with razor blades in a custom jig, following
the method of prior work.[?!] For DIC measurements, a speckle pattern was applied to
each sample. For all samples used in the calibration of the power-law creep model, with
5 x5 mm cross-sections, the pattern consisted of MgO powder (Frey Scientific) and
polyethylene microspheres (212 to 250 pm diameter, Cospheric). This sequence of
dark-on-light speckles improves DIC results by increasing contrast.[3°] For the speckle
pattern in smaller samples, with 3 x 3 mm cross-sections, graphite was used, following

the procedure from prior work.[?!]

While the graphite patterning method was well
suited to the smaller Li samples in our prior work, the larger Na samples in this work
required larger speckles in the pattern, so the diameter of polyethylene microspheres
was selected accordingly (with at least 3 pixels per speckle.!*?] While the sodium
deforms, each microsphere itself does not appreciably deform, but this lack of
deformation in speckle features has negligible influence on the quality of DIC
measurements.[*!] To produce the speckle patterns with microspheres, the Na samples
were first submerged in MgO and gently agitated to promote adhesion with the sample
surface. Next, a partial coating of polyethylene microspheres was applied by sprinkling

them over the samples.

The DIC analyses were performed with Vic3D 7 (Correlated Solutions, Inc.). The
stereo camera system was calibrated with the calibration grid inside the glovebox, and
the cameras were not disturbed between calibration and the conclusion of the
experiment. Further details about the DIC software parameters are provided in
Table S3. Finite Lagrangian in-pane strains (&4, &y, and é&yy) were computed from
spatial derivatives of the displacements, and the differentiation wused a
Gaussian-weighted filter with a size of 15 x 15 DIC data points. In-plane rotations were
also computed with a Gaussian-weighted filter with a size of 15 x 15 DIC data points.
For each sample, the axial strain (¢yy) was measured from the average of a selected area

of the DIC data. The selected area was centered over the region in the gauge section with



the largest axial strain, and the height of the selected area was reduced until
convergence was found (at a height of 2 mm) such that further reduction in its height
did not change the average strain value in the selected area.[?!] True strain (e,40) Was
computed from ¢&y4e = In(l+éyy), assuming that the deformation was
volume-preserving. True stress (0yye) Was computed as Oyye = Onom (1 + €nom). We note
that the strain rate from sample to sample could not be precisely duplicated by the
instrumentation: while the global grip displacement rate could be prescribed, the local
strain rate in the gauge section could not be directly controlled. Therefore, strain rate is
a value that was measured for each sample, and only one test is presented for each strain

rate.

2.3 Methods for temperature dependent deformation

The deformation of Na with respect to temperature was measured using a dynamic
mechanical analyzer (DMA) equipped with an environmental chamber (TA Instruments
RSA-G2). Experiments were conducted between 273 K and 348 K in inert gas
environments. For the cooled experiments at 273 K, the inert gas in the environmental
chamber was N, gas from a liquid N, source. For the heated experiments at 298, 323,
and 348 K, the inert gas in the environmental chamber was Ar gas. Tensile samples with
straight sides were cut from Na foil with a razor blade. The samples tested had
thicknesses of 5.03 £ 0.30 mm and widths of 5.06 + 0.12 mm, as measured by calipers.
Along with the force reading (P) from the DMA, the thickness and width of each sample
was used to calculate its cross-sectional area (A) and nominal stress (0,om = P/A). At
ambient temperature and with a brief exposure (< 1 min) to atmosphere, the samples
were clamped in the DMA. This brief air exposure resulted in slight oxidation of the Na
surface. From postmortem examination of the sample cross-section in an optical
microscope (Figure S4), the layer of oxidation was 25 pm, or 1% of the cross-sectional
area. The gauge length of the samples was 15 mm. True strains (&) Were computed

from the grip strain (&gip), following &y = ln(l +& ) The strain range was restricted

ri
to less than 2.5% in the DMA experiments. Trueg siresses (Otrue) Were computed by
assuming that deformation was volume-preserving, following o ye = anom(l +€grip).
From ambient temperature, the samples were cooled or heated to the experiment
temperature under constant force control, as described in prior work.[?!] This
maintained a stress of approximately 0 MPa while the sample and setup expanded or

contracted during heating or cooling, respectively.
The combination of DMA and DIC techniques were essential for this work. DIC
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provided information about local sample deformation, but our glovebox-integrated DIC
platform did not allow for heating or cooling of the sample, which was only feasible in
the DMA. The DMA results measured strain from the grip displacements, providing an
average strain measure for the full sample length. On the other hand, the DIC results
used strain measured from the central gauge section. While DIC may have a larger error
for very small strains («1%, as small errors from image noise, camera calibration
inconsistencies, etc.  have a higher relative contribution for very small strain
measurements), DIC is more suitable for measuring large strains (>1%), because the
DMA grip strains only provide a global average and do not capture strain localization in
the gauge section. Since DIC provides more accurate strain measurements over a larger
range of strains and the DMA had a narrower range of possible strain rates, the results

from DIC were used to calibrate the power-law exponent.

3 Results

3.1 Results of strain-rate dependent deformation

Strain maps from DIC were measured from tensile tests of six samples with 5x5 mm cross
sections at different displacement rates. Figure 1 presents the axial and in-plane rotation
maps for the sample at 4 x 107 s™1. The local strain and rotation fields of this sample,
as described below, were representative of the other five samples. Axial strain localized
in the central region of the sample, where the cross-sectional area is minimum, similar
to prior work on Li.[?!] The magnitude of in-plane shear strain remained nearly zero
throughout the tests (Figure S5), which confirms that the principal strains are aligned in

the X and Y principal directions.

From the in-plane rotation field, the portions of the sample above and below the
central region had a small degree of relative rotation (less than 3°). There was a minor
amount of rotation in the upper portion of the sample, with the central region acting
as a hinge. This is in contrast with the inhomogeneous, local rotations found in the set
of samples with smaller dimensions (with only 3 x 3 mm cross sections), as described
in Section 3.3. Given the minor degree of in-plane shear and in-plane rotation in the six
samples with 5x5 mm cross sections, there was minimal deviation from uniaxial behavior.
Thus, the 5x5 mm samples were suitable for measurements to calibrate power-law creep

and were used in the analysis below.



(a) Axial strain (b) In-plane rotation

&om=0% 5%  10%,  15%, 20% 0% 5% 10%,  15%, 20%

0 5 10 15 20
Eyy (%) ® (deg)

Figure 1: DIC fields of axial strain (eyy) and in-plane rotation (¢) for a representative

-1 nominal strain rate. The selected

sample with 5x 5 mm cross sections at 4 x 107 s
area for &4, is shown in the central boxes with dashed lines. The in-plane shear fields

are also shown in Figure S5.

Consistent with previous measurements,?6-28] the stress-strain response of Na was
strongly dependent on strain rate. Tensile experiments were conducted with true strain
rates between 4 x 107 and 3 x 1073 s~! (Figure 2). Average strain rates were calculated
within the range of ¢, between 2% and 10% (Figure 2b). For all of the strain rates tested,
viscoplastic flow at a nearly constant stress value was observed before approximately 2%

strain.



"o
’ Ty 10° -
.(,o::
]
E T=298K § T=298K
0 T T T T 1 104 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
e (%) e, (%)

true true

Figure 2: (a) Stress-strain responses of Na at 298 K at various strain rates, measured
with DIC. (b) Strain-rates with respect to strain for the same samples shown in the
stress-strain curves. Owing to frame rate limitations of the DIC cameras, the sample
rate appears sparse in the two fastest strain rates (with connecting lines between

points to aid visualization).

While the rate-dependent responses from Figure 2(a) show small variations when
viewed in stress-strain space, the overall trend can be clearly seen in Figure 3. Using the
average values of true stress and true strain rate for each sample for the true strain values
between 2 and 10% strain, the power-law exponent was fitted as m = 5.6. This value of

the power-law exponent is consistent with prior work,[26-28] as illustrated in Figure S9.

10-2 _
o -
e 7
I\w/ 3 ,_’T/
o 107 7 .7 m=56
g 9
«W 7
104 ' T |
0.08 0.1 0.2
Otrue (MPa)

Figure 3: The average values of true stress and true strain rate from DIC are shown

from each experiment presented in Figure 2. The fitted slope to these points is m.
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Owing to anisotropic contraction in the sample thickness direction, the experiments
deviated from Levy-Mises flow in the front plane of the sample (Figure 4). It is
hypothesized that the additional contraction in the thickness was due to the
crystallographic texture of the large grains, because volume is necessarily preserved
during plastic deformation. Specifically, differences in grain orientation between the
in-plane and through-thickness directions could have caused more deformation in the
through-thickness direction (e77) and less deformation in the transverse direction (exx),
while still maintaining volume-preserving plasticity. The larger relative deformation in
the through-thickness direction is consistent with recent observations on other rolled
alkali metals, including Li.[*?! In the present work, the tensile samples were always
prepared with the plane of the axial (exx) and transverse (eyy) directions in the plane of
the rolled sodium. Therefore, the observed anisotropy is consistent with the expected

texture in the sample from rolling.

To further validate this anisotropic deformation in the Na samples used here,
postmortem optical microscopy was performed (Figure S6).  Three-dimensional

topological maps of the sample using focus variation microscopy 4!

showed preferential
slip plane formation in the through-plane direction compared to the in-plane direction.
This indicates anisotropy in the samples that increased the relative amount of
deformation in the through-plane direction compared to the in-plane direction, which
could be responsible for the deviation from Levy-Mises flow observed in the front plane

of the samples.

11



(a) Axial strain (b) Transverse strain

€ om = 0%, 5%, 10%, 15%, 20% 0%, 5%, 10%, 15%, 20%

Axial strain, € %
xial strain yy(o)

I I
0 1 2 3 4 5

Transverse strain, _Sxx (°/o)

Figure 4: (a) Axial strain fields and (b) transverse strain fields from the same sample
plotted in Figure 1 (at a true strain rate of 4.1 x 10™* s71). (c) The average axial strains
(eyy) and transverse strains (exx) within the inspected area for each experiment. Levy-

Mises flow would be observed when the transverse strains are negative one-half of the
axial strains, as indicated by the dashed line.
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3.2 Results of temperature dependent deformation

Tensile tests were conducted between 273 and 348 K at a nominal strain rate of
5x107* s7! (Figure 5). In agreement with power-law creep behavior, the stress-strain
response of Na was strongly dependent on temperature. At all temperatures from 273 to
348 K, the responses were dominated by viscoplastic flow. As shown in Figure S8, the
measurements at 298 K with the DMA were consistent with those from the DIC
measurements in Figures 1-3. Specifically, for the DIC measurement, the flow stress was
0.146 MPa, and for the DMA measurement, the flow stress was 0.142 MPa in the first
sample and 0.149 MPa in the second.

To calibrate the activation energy for power-law creep (Q.), the average stress values
between 0.5% and 2.5% true strain were fitted to an Arrhenius relationship, yielding
Q. = 40 +4 k] mol~!. This is consistent with a value of Q, = 42 to 43 k] mol~!, which has
been reported for sodium lattice diffusion.[3¢3744] We note that the fitted of Q¢ will be
influenced by the uncertainty in the power-law exponent (), which has been measured
as 4.2,1201 5,0,[27.28] 'and 5.6 (present work).

273 K
(a) 208 K (b)
_ | .
o [ /L' ( 027 &-s5x10sT

0154 — A
g £ ¥
2 014 2 01- 40 B

s g QRTm

= 323K 323K 5} : _ -1
° 0.05 - S ] —~Q_ =40+ 4kJmol

0-+ I I I I : 0.05 . . .
0.5 1 15 2 2.5 0.002 0.003 0.004 0.005

e (%) T (K™

true

Figure 5: (a) The mechanical response of Na at 5x10~% s~! with respect to temperature,
from measurements in the DMA. (b) The activation energy for creep (Q.) was
calibrated from the slope between inverse temperature and the average stress values
corresponding to true strains between 0.5% and 2.5%, from (a). The error bars at each
temperature indicate the range of the stress over this strain range. The error range in

Q. is the 95% confidence interval for the corresponding ¢-distribution.

With the strain-rate-dependent data from Figure 3 and the temperature-dependent

data from Figure 5, the power-law creep parameters for Equation (1) were calibrated. The
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material parameters for the model are summarized in Table 1.

m | Q. (kJ mol™') | AZY/™ ((s7! Pa=)~1/m)
5.6 40 3.1x10%

Table 1: The power-law creep exponent (), activation energy (Q.), and creep constant
(Ac) from Equation (1) were calibrated with the experiments at different strain rates

(Figure 3 and temperatures (Figure 5).

3.3 Observation of grain rotation

For samples produced with smaller cross-sectional areas (3 x 3 mm cross-sections),
deformation was not uniform through the gauge section and did not localize in a
consistent way (unlike the samples with 5 x 5 mm cross-sections, which were used
exclusively in the measurements to calibrate the power-law creep model). For an
experiment at 1 x 1073 s7!, the DIC fields are shown in Figure 6 for the axial strain and
in-plane rotation. The in-plane rotation appeared in distinct regions with about 1 mm
diameters. Within each distinct region, the angle of rotation was approximately

constant, while neighboring regions could differ by +3° (Figure 6c).

(a) Axial strain (b) In-plane rotation

€ om = 0%, 5%, 10%, 15%, 20% 0%, 5%, 10%, 15%, 20%

B
0 5 0 15 20
eyy (%) @ (deg)

Figure 6: Grain rotation was prevalent for the smaller samples with 3 x 3 mm cross
sections (these smaller samples were not used in calibration of power-law creep). DIC
fields of axial strain (eyy) and in-plane rotation (¢) are shown. The distinct regions of

in-plane rotation are noted. The in-plane shear fields are shown in Figure S7.
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The grain sizes of the Na samples were approximately 1 mm, as shown in Figures S1
and S2. Because the grains are on the order of 1 mm in diameter, a cross-sectional slice
of the 3 x 3 mm gauge section will contain only a few grains. Ideally, the tensile gauge
section of a polycrystalline metallic sample would contain a sufficient number of grains
in each cross-sectional slice to provide uniform deformation. However, in the case of
these experiments, the relatively large grains in the small gauge section could result in
local heterogeneity, as the deformation and rotation of each grain contributes a significant

proportion of the cross-section’s deformation.

The observed grain rotation in the samples with 3 x 3 mm cross sections suggests
that grain size may be important for the viscoplastic behavior of Na in sodium-based
batteries. For example, the grain size of electroplated metals will depend on a variety of
factors, including current density, electrolyte composition, and substrate
microstructure. 4] Therefore, depending on the relevant length scales, grain rotation

effects may influence the local deformation behavior.

4 Discussion

4.1 Implications of creep in Na batteries

Since creep is activated in Na at unusually low stresses and low temperatures, the

viscoplastic behavior of Na is expected to play a role in battery applications.

In Na metal batteries, electro-chemo-mechanical coupling is important to
understand the relationships between between current density and strain rate. For
example, as plating current density increases, compressive strains form as the anode
volume expands against the surrounding solid materials. In our previous work on Li, a
simplified, one-dimensional model was developed, which illustrated that power-law
creep was the dominant deformation mechanism over the range of typical current
densities for Li metal batteries (0.1 to 10 mA ¢cm™2), corresponding to strain rates in the
range of 107> to 1073 s 1.[21] As shown in the present study, and consistent with
previous reports,[26-28] power-law creep of Na is also the dominant deformation
mechanism at room temperature over a wide range of strain rates. Therefore, it is
important for future modeling efforts to incorporate the strain-rate and

temperature-dependent deformation of Na when describing battery evolution.

In Na batteries with liquid electrolytes, the creep behavior of Na will influence how

15



dendrites form and interact with the separators within the battery. For example, local
Joule heating at locations of current focusing could decrease the flow stress of Na.
Furthermore, the local current density along the electrode electrolyte interface will vary
as a result of spatially varying kinetics and the dynamic evolution of interface

morphology, 4]

which will subsequently modulate the local strain rate, and the
corresponding flow stress of Na. These effects will be further amplified in 3-D electrode
architectures, where current focusing and spatial heterogeneity can be distributed

throughout the electrode volume.[4]

Cumulatively, these effects can be thought of as
positive or negative “feedback” mechanisms, where local mechanical phenomena can

either amplify or suppress the evolution of features such as dendrites and pits.

In solid-state Na batteries, there are a number of important phenomena that relate
to the temperature- and rate-dependent mechanical behavior of Na.
Temperature-dependent creep will be enhanced at the global (cell) level when
solid-state batteries are operated at elevated temperatures. As temperature increases,
the ionic conductivity of Na-beta alumina increases according to an Arrhenius
relationship.[48] As we show here, the power-law creep behavior of Na metal will also
result in temperature dependence on the electrode side of the interface. These distinct
temperature dependencies must be decoupled in order to fully understand the
relationships between temeperature and performance. For example, it has been recently
shown that a step increase in the critical current density (CCD) of Li metal SSBs can be
observed across the melting temperature of Li.[*° This illustrates the importance of
considering the physico-chemical properties of both sides of the interface (electrolyte
and metal electrode) when describing the evolution of features such as voids and Li

filaments.

In the event of Na filament penetration into the solid electrolyte, stress builds up
and creates an interplay between viscous flow of the Na out of the crack, the ionic
conductivity of the electrolyte, and the fracture toughness of the electrolyte, as

predicted by modeling efforts. [50,51]

Furthermore, during filament penetration, the
effects of creep have been observed in the Li/LLZO system. Specifically, the filament tip
was observed to retreat due to stress relaxation in Li and Li extrusion occurred at the
free surface of the electrolyte.l>2] It is expected that Na solid-state systems will have
similar behavior, with a lower resistance to extrusion because of the low creep stress of
Na. Such temperature-dependent flow of Na could be involved in the increase of critical

current density (CCD) of Na-f”-alumina with respect to temperature. 48]

16



Finally, the unusually large grains that can be present in Na also factor into the
mechanical behavior of Na metal foils and batteries. For example, during
manufacturing, the crystallographic orientation dependence of bulk Na foil may
translate into preferential deformation linked to specific grain orientations. At the
microscale, there may also be effects from the crystallographic orientations of Na grains.
For example, when Na is plated and forms in cracks in a solid-state electrolyte, certain
grain orientations may exhibit more deformation. The rotational effects observed here
from individual grains are also important to consider, which could affect deformation
both during the initial manufacturing, as well as during plating and stripping. Our hope
is that the experimental mechanics data presented here will facilitate future modeling
efforts to deepen our understanding of grain-size and crystallographic orientation effects

in Na metal batteries.

5 Conclusion

Tensile tests were performed on bulk samples of Na at various strain rates and
temperatures. From stress-strain measurements between 273 and 348 K, the activation
energy for power-law creep in Na was calibrated (Q. = 40 + 4 k] mol~!). Also, through
DIC measurements of the Na surface during deformation, significant grain rotation was
observed, with up to about +3° of heterogeneous, local in-plane rotation for a set of
samples with a relatively small cross-sectional area (9 mm?). For larger samples
(25 mm? cross-sections), local in-plane rotations were significantly smaller, and these
larger samples were used for the power-law creep calibration. Furthermore, Levy-Mises
flow was not observed from the in-plane DIC measurements. This was attributed to
crystallographic anisotropy between the in-plane and through-thickness directions, with
more deformation found in the through-plane direction. Together, these observations of
power-law creep in Na will have an influence on Na-based battery applications with
both liquid and solid electrolytes.
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Li Na
Mass density (g/cc) 0.53 0.97
Melting point (°C) 180 98

Homologous temperature at 25°C 0.65 0.80
Standard reduction potential (V vs. SHE) -3.04 -2.71
Abundance in Earth’s crust!*l | 0.0020% 2.4%
Activation energy for self-diffusion3¢:37,53] (k] mol~!) 50 43

Table S1: Comparison of selected properties of Li and Na.



Temperatures Mechanical testing Strain measurements

methods
Sargent and Ashby[2°] 293 K Bulk compression [>4] Grip displacement
Fincher et al.[?”] | Room temp. Nanoindentation, Indenter and grip

microhardness, and bulk displacement
compression
Wang et al.[?8] | Room temp. Bulk pulse-echo, Grip displacement
compression, and
tension
Present work | 273 to 348 K Bulk tension Digital image correlation

and grip displacement

Table S2: Experimental details from the present work and prior works on the

viscoplasticity of Na.
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Figure S1: Grain sizes of the Na as measured from cross sections with an optical
microscope before rolling (as cooled), after rolling to 3 mm and 5 mm, and after
mechanical testing of the 5 mm-thick samples at 298 K and 348 K. The bar heights
correspond to mean grain size, and the error bars indicate one standard deviation. At

least 50 grains were measured for each sample.



(a)

As cooled (b) As cooled

0.2 - -1
mean:
1.03+0.60
2015~ - AN R
5 CDF
2 01— o] - 0.5
3 /
o mpgn
G.0.05- A1 -
pye— A ]
T mm 0 } 0 0
0.2 - Bolled to 3 mm 4
mean:
1.01 £0.54
>0.15- m AN .
= p CDF
© 0.1 i - 0.5
0
9 =
8 0.05 5 -
0 m I'II M _fA 0
Rolled to 5
02— ‘ olled 10 o mm 1
mean:
0.92+0.48
>015- oamm AN .
= CDF
T 0.1~ R -0.5
o .
8 0.05- Hﬂq -
L4
0 T T T 0
5 mm, after 298 K test
0.2 mean: 1
>0154 1.07 £ 0.46 mm \ i
= CDF
® 0.1 L 0.5
0
o
8 0.05 B
04 i HH 0
5 mm, after 348 K test 0.2 - 5 mm, after 348 K test 4
I R ’ mean:
: >0.154 1.05+0.53 mm \ i
= - CDF
c 0.1 ;r’ - 0.5
0 = _ﬂ -
o
8 0.05 ;— | -
— 0 y o | |_| |_| O 0
1mm 0 1 2 3

grain size (mm)

Figure S2: (a) Optical microscope images of cross sections for samples: as cooled
(before rolling); after rolling to 3 mm and 5 mm; and after rolling to 5 mm and
mechanical testing at 298 K and 348 K. (b) Probability distribution and cumulative
distribution function (CDF) of grain sizes measured for the same sample conditions

as (a). For each condition, at least 50 grains were measured.
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Figure S3: The glovebox-integrated mechanical testing system, with cameras and

lenses mounted on a tripod outside the glovebox for DIC measurements.



Parameter Value
Cameras Flir GS3-U3-51S5M-C, 2448 x 2048 pixels
Lenses | Fujinon HF75SA-1, 75 mm focal length, f/16, with 10 mm
of extension tubes
[llumination Light source with two fiber-optic light guides

Field of view
Stereo-angle

Standoff distances
Image acquisition rate

Patterning technique

Approximate pattern feature size
Software

Image filtering

Subset size

Step size,

Subset shape function

Strain formulation

Strain filtering

Maximum consistency threshold
Maximum confidence interval

Maximum matchability threshold

(AmScope HL250-AY)
32 x 38 mm (long axis of image positioned vertically)
15°
51 cm
Varied based on test displacement rate; up to 5 Hz
212 to 250 pm black polyethylene microspheres
(Cospheric) on base of MgO powder (Frey Scientific), for
all samples used in power-law creep calibration; for the
speckle pattern in the smaller set of samples with
3 x 3 mm cross-sections, graphite was used, following the
procedure from prior work 2]
0.5 mm (dark and bright features)
Vic3D 7 (Correlated Solutions, Inc.)

Low-pass filter

135 px, 2.1 mm

10 px, 0.16 mm
Affine

Finite Lagrangian
Gaussian window of 15 x 15 DIC data points

0.02 px
0.05 px
0.1 px

Table S3: Summary of the hardware and software parameters for digital image

correlation (DIC) measurements.
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Figure S4: The oxidation layer was measured to be 25 pm thick after DMA testing
with two air exposures (one air exposure < 60 s before mechanical testing, and one air

exposure > 300 s after mechanical testing).
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Figure S5: DIC fields of axial strain (eyy), in-plane shear strain (exy), and in-plane
rotation (¢) for a representative sample with 5 x 5 mm cross sections at 4 x 1074 s
nominal strain rate. The selected area for &, is shown in the central boxes with
dashed lines.



(a) Top, plane view (b) Top, rotated view

100 pm step

(c) Bottom, plane view (d)  Bottom, rotated view

120 pm step

Figure S6: For a sample that was tested until ductile rupture, optical microscope
images with calibrated, three-dimensional depth scanning (Keyence VHX-7000)
revealed a 100 pm step change in the thickness for the top side of the same, and a

120 pm step change on the bottom.
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Figure S7: Grain rotation was prevalent for the smaller samples with 3 x 3 mm cross
sections (these smaller samples were not used in calibration of power-law creep). DIC
fields of axial strain (eyy), in-plane shear strain (exy), and in-plane rotation (¢) are

shown. The distinct regions of in-plane rotation are noted.
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Figure S8: For the average values of true stress and true strain rate, the measurements
from DIC (open circles) were consistent with the measurements from DMA (closed

circles).



10-1 —
Present work \
m=5.6 X
\00/6 //
- 348 K 323K - -
‘:\ 1 0 3 7] \o EC‘/ - (i Ny _ - x
K 208K __~2~ AN
A /f/’/‘ Wang, et al. (2020)
@ e Room temp; m = 5.0
_5 A A
10~ .
. Sargent & Ashby (1984)
293K, m=4.2
107 T T T ' —

0.05 0.1 0.2 0.5
o (MPa)

Figure S9: Fits of the power-law exponent m from the present work (open circles),
Sargent and Ashby (gray triangles), (%] Fincher et al. (orange inverted triangles),[?”],
and Wang et al. (purple stars).[?®] Note that the values from the present work are
fitted with the true stress and true strain rate values, while the other works match
their published values, stated as nominal stress and strain rate in Wang et al. and

assumed to be the nominal values for Sargent and Ashby and Fincher et al.



