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New concepts

In this paper, we study the fracture behavior of sodium metal from both a macroscopic and microscopic
perspective and discuss the corresponding implications in battery applications. Since sodium metal is
extremely reactive in air, its mechanical properties have not been well studied, but herein we
implement a custom-built tensile tester in an inert atmosphere to circumvent this issue to investigate
sodium’s fracture behavior. Interestingly, we find that sodium is nearly entirely insensitive to the
presence of flaws (crack-like features), i.e., flaws do not decrease sodium’s effective strength. Instead,
under tension sodium foils exhibit extreme through-thickness necking down to nearly a line owing to its
extreme ductility. We also using scanning electron microscopy to identify the microstructural features
and potential mechanisms associated with deformation and fracture of sodium. Furthermore, this study
details the corresponding implications of these experimental observations in the context of battery
applications and suggests new insight into the rational design of sodium-based batteries. Overall, these
new experimental results may help architect Na-based energy storage systems and avert potential
mechanical damage during charging and discharging cycles.
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Sodium metal has emerged as a candidate anode material in rechargeable batteries owing to its high theoretical capacity,
low standard reduction potential, and abundance in the earth’s crust. Prior to practical deployment, it is critical to thoroughly

assess sodium’s mechanical properties, as to fully understand and thus help mitigate potential failure mechanisms. Herein,

we examine the fracture behavior of sodium metal through tensile tests in an inert environment. We find that sodium is

nearly insensitive to flaws (crack-like features), i.e., its effective strength is virtually unaffected by the presence of flaws.

Instead, under tension, sodium exhibits extreme necking that leads to eventual failure. We also characterize the

microstructural features associated with fracture of sodium through scanning electron microscopy studies, which

demonstrate several features indicative of highly ductile fracture, including wavy slip and microvoid formation. Finally, we

discuss the implications of these experimental observations in the context of battery applications.

Introduction

With increasing demands for mobile power, constructing better
energy storage systems has become imperative. Numerous
materials'-* have been studied to improve the capacity and cyclic
performance of rechargeable batteries, and anodes based on
alkali metals®>® have gained traction as the next generation of
rechargeable batteries. Indeed, sodium metal is theoretically the
ideal candidate for anodes of Na-ion batteries, owing to its high
theoretical capacity, comparably low standard reduction
potential of -2.713 V, and relatively low price stemming from its
wide availability in the earth’s crust. Additionally, many
materials can be alloyed with sodium, which is critical in
developing optimized and sustainable energy storage systems®
10 still, prior to practical deployment, it is critical to assess the
mechanical properties of sodium metal. Indeed, mechanical
damage induced during electrochemical cycling has limited the
commercialization  of  several high-capacity  battery
chemistries!!-14,

Electrochemical charging and discharging of battery electrodes
can induce significant mechanical stresses'®>'”. During its
lifetime under electrochemical cycling, an electrode material
typically experiences both tensile and compressive stresses!’-24,
For example, lithiation or sodiation of a host electrode usually
causes the host material to expand, which generates a field of
stress (often highly compressive) under constraint” 19-2, De-
lithiation or de-sodiation of that same host electrode usually
causes the host material to shrink, which can produce the
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opposite sign of stress (e.g., tension)”- 1921, |_ikewise, materials
that readily plastically deform (sodium metal itself has a very
low yield strength?®) have been shown to experience both tensile
and compressive stresses at varying locations within their
structure at any given point in time during the charge/discharge
process?® 2L 26 Kinetic limitations, e.g., fast charge/discharge
relative to the time for diffusion of species (e.g., Li, Na) through
the electrode exacerbate this scenario® 2%, producing relatively
large stresses in the electrode material. Similarly,
electrochemical deposition (e.g., electroplating of Li/Na?’) and
stripping can produce either tensile or compressive stresses in a
given material, depending on details of the growth/deposition
mechanism?® 2%, For instance, Wang et al. reported that tensile
stresses are generated by the stripping process at a solid-state
lithium-metal battery interface®®. Additionally, batteries are
often placed under so-called stack pressures, which have been
shown to significantly affect the electrochemical performance of
several systems3-33, For instance, Miiller et al. reported that pre-
applied pressures change the ionic pore resistance, the charge
transfer resistance, and reversibility of a Li-ion system with a
graphite-based anode and a LiNio.sMno2C00202 cathode®?,
Likewise, Zhou et al. found that external pressure applied to a
cell decreases the internal resistance and increases the lifetime in
a lithium-ion pouch cell with a graphite-based anode and a
LiNixCoyMn;O2 cathode®*. Overall, significant tensile stresses
can be generated during electrochemical cycling, which can lead
to fracture of the active materials, as has been demonstrated in
several battery systems!” 19 35-38 This mechanical damage can
lead to eventual failure of not only the battery electrode itself but
also of the entire electronic device, for example by inducing short
circuits which can induce fire hazards.

As such, particularly with the emergence of all-solid-state
systems, it is important to fully characterize the mechanical

Page 2 of 9



= [=c 1 Materials-Horizor

Materials Horizons

properties of each component prior to practical deployment.
Indeed, recent work has developed a solid-state battery using
sodium metal as the anode, which has demonstrated the
advantages of sodium in reducing the contact resistance with the
solid electrolyte due to the soft, liquid-like characteristics of
sodium, even as compared to metallic lithium3°. However,
largely due to sodium’s reactivity in air, studies on mechanical
properties of Na metal are relatively limited?® 4945, and many
unanswered questions remain. For example, what mechanisms
are associated with crack formation and propagation in sodium?
How sensitive is sodium to the presence of flaws? How do
volume changes induced by sodiation/de-sodiation affect
electrochemical performance? What mechanisms and conditions
lead to dendrite formation and contact losses with solid
electrolytes? To fully understand and provide insight and thus
solutions to these issues, it is critical to fully characterize and
analyze the mechanical behavior of sodium metal under various
conditions and geometries.

A few studies have investigated the mechanical properties of
sodium metal. Recently, Fincher et al. conducted
nanoindentation and bulk compression tests of sodium metal®.
Their nanoindentation studies found the elastic modulus of
polycrystalline sodium metal to be 3.9 + 0.5 GPa. They
discovered that the nanoindentation hardness of Na metal
decreases with indentation depth, i.e., Na exhibits an indentation
size effect, which hinted at a material size effect in sodium. The
authors also found that sodium metal exhibits highly strain-rate
sensitive and creep-prone behavior. In another study, Wang et al.
reported the yield strength of sodium metal as 0.19 — 0.28 MPa
under tension and compression, and also found the elastic, shear,
and bulk moduli to be 4.6, 1.7, and 8.5 GPa, respectively, using
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acoustic techniques*°. However, the fracture behavior of sodium
metal remains unstudied, including its sensitivity to the presence
of flaws as well as the microstructural features and phenomena
associated with fracture and damage. Since fracture of an
electrode has a fatal effect on the cyclic performance of a battery,
it is critical to understand the precise mechanisms of formation
and growth of cracks and the corresponding ramifications in
terms of battery performance.

In this paper, we examine the fracture behavior of Na metal
through tensile tests in an inert environment, as to assess the
sensitivity of Na to the presence of crack-like flaws. We further
characterize the macroscopic and microstructural features
associated with fracture of Na through real-time optical imaging
and scanning electron microscopy. In addition, we report the
stress-strain and corresponding fracture behavior of sodium at
different strain rates. We conclude by discussing the implications
of these experimental observations in the context of battery
applications.

Experimental Section

Sodium sample preparation

All sample preparation was carried out in argon-filled glovebox
with less than 0.1 ppm Oz and moisture (H20) levels. Sodium

Fig. 1 Photographs of tensile testing of Na metal in a glovebox. (a) and (b) show two samples with varying levels of strain prior to complete

fracture.
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Fig. 2 Engineering stress-strain relationships from uniaxial tension testing of Na metal at a strain rate of 0.1 s for specimens (a) with a pre-
cut and (b) without a pre-cut. Multiple replicates are indicated by different colored curves.

sticks (coated in film of protective hydrocarbon oil, > 98.5%
purity, 1 x 1 x 7 inch) were purchased from Alfa Aesar (Stock
No. L13285-24). We then manually removed the oxidized layers
and thinned the specimens with a rolling pin to a thickness of
approximately 3 mm. Thicknesses were measured with Vernier
calipers at three points on each sample, and an average was
taken. Specimens were then cut into a section approximately 2
cm wide and 3 cm long and stored in mineral oil before tensile
testing. Vaseline petroleum jelly was administered to the sodium
to further protect the sample surface from undesirable chemical
reactions during tensile testing.

Tensile testing

Tensile testing utilized a custom-built tensile tester in a glove
box maintained in an argon environment to prevent undesirable
chemical reactions. One arm of the tensile tester contains a load
cell (LC703-200, Omega Engineering) that measures the load as
a function of time through an INF-USB2 model data acquisition
system (Interface Inc.) in conjunction with a ClearPath-MCPV
model integrated servo motor system (Teknic) assembled onto
an FGS-250W test stand (SHIMPO). Load cell calibration was
validated against a 1 kN load cell of an Instron 5943 benchtop
tensile tester.

In pre-cut specimens, a cut was made with a fresh razor blade at
the edge of the specimen with a length of approximately 7-10
mm. The sample was firmly fixed to the tensile test using screw-
based grips with an initial distance between the grips of 1 cm,
and the load data was measured at 100 Hz. The strain rate was
0.1 s (1 mm/s) for the majority of the tests and also at 0.01 s*
(0.1 mm/s) for the “slow tests” to study rate effects. After tensile
testing, several samples were examined post-mortem to
investigate microstructural details of the fractured surfaces.
Specimens were immediately placed in a hermetic vacuum
transfer vessel (VWR® Desi-Vac™ Container) after removing
from the glove box. The samples were then quickly loaded into
an SEM chamber (Tescan FERA-3 Model GMH Focused lon

This journal is © The Royal Society of Chemistry 20xx

Beam Microscope) for microscopy studies. All tensile testing
and SEM data was collected within 6 hours of sample
preparation.

Results and Discussion

Fig. 1 shows a time-sequence during tensile testing of Na metal
in a glovebox. In several samples, a pre-cut (of length a as shown
in Fig. 1(a)) was introduced into the sample to assess the
sensitivity of Na to the presence of a flaw. During loading, all
samples yielded globally relatively quickly, followed by
substantial plastic deformation. Likewise, due to the extreme
ductility of Na, the crack-tip blunted substantially prior to crack
growth (Fig. 1 and Videos S1 and S2). The crack grew relatively
slowly, i.e., not “immediately” or “catastrophically”, in a
tortuous path, prior to complete failure, as shown in Fig. 1 and
Videos S1 and S2. These images and videos reveal that Na is
extremely soft and exhibits significant plastic deformation prior
to crack propagation, as well as during crack growth. We also
performed the same test protocol in specimens without a pre-cut
to quantify how a flaw affects the effective strength of Na.

Fig. 2 presents engineering stress-strain curves from tensile
testing of Na metal. To determine the engineering stress from the
measured load, the cross-sectional area was defined as the
product of the width and thickness of the sample for the
specimens without a pre-cut. For the specimens with a pre-cut,
the cross-sectional area was taken as the product of the thickness
and the un-cracked width (labeled “w” in Fig. 1). Previous
studies have shown that the hardness of a metal from an
indentation test correlates well with the flow stress from a
uniaxial test at a strain of =0.08 from the uniaxial test*. As such,

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Engineering stress-strain relationships from uniaxial tension
testing of pre-cut specimens of Na metal at varying strain rates of
0.01 s (blue) and 0.1 s* (red).

herein we report the flow stress at a strain of 0.08, e.g., as to
compare with existing studies from nanoindentation. At strains
of 0.08 and at an applied nominal strain rate of 0.1 s, the flow
stress of the specimens with a pre-cut was 0.29 + 0.03 MPa
(mean = standard deviation), and the flow stress of specimens
without a pre-cut was 0.29 + 0.04 MPa. These experiments
indicate that the effective strength of Na is essentially insensitive
to the presence of a flaw. Likewise, although we observe a large
variability in the strain at ultimate failure from sample to sample
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(likely due to the stochastic nature of the crack path during
propagation observed in these specimens), we do not observe any
obvious differences in the strain at ultimate failure between the
specimens with a pre-cut as compared to the specimens without
a pre-cut. As such, Fig. 2 provides clear direct evidence that the
presence of a flaw (pre-cut) does not affect the mechanical
behavior of sodium metal, beyond the simple reduction in cross-
sectional area that it induces.

With an eye toward mechanical modeling, herein we provide a
simple scaling analysis from a fracture mechanics perspective in
light of these experimental results. To utilize linear elastic
fracture mechanics (LEFM), the size of the plastic zone near the
crack tip should be much smaller than the overall dimensions of
the specimen (as well as the crack length itself). The plastic zone
size, 7,, near a crack-tip is given by r, = (1/2m) (K, /oy)?,
where gy = 0.29 MPa from our experimental measurements®’.
Although the fracture toughness of sodium has not been
measured, even if we use an over-conservatively low value of
K;c = 1MPa~/m, the plastic zone size is estimated as 1.9 meters!
This simple scaling analysis demonstrates that fracture of sodium
will never meet the small-scale yielding condition under any
practical conditions, and thus LEFM does not provide any real
utility in terms of modeling the behavior of sodium metal.
Instead, as shown in Fig. 2, sodium metal is almost completely
insensitive to the presence of the flaw, i.e., in terms of its
influence on the stress/strain that it can withstand prior to failure.

Fig. 4 SEM images of a fractured surface of Na tested at a strain rate of 0.1 s, (a) is a zoomed-out image that shows evidence of wavy slip
and that extreme necking occurs through the thickness of the specimen, nearly down to a single line. (b) is a zoomed-in image showing
further details of the observed wavy slip. (c) and (d) are further zoomed-in images that show rough surfaces indicative of microvoid
formation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 displays several engineering stress-strain curves under
tension in pre-cut sodium samples at two different strain-rates of
10?1 st and 102 s, The measured flow stresses at strains of 0.08
are 0.29 + 0.03 MPa at a strain rate of 10" s and 0.15 + 0.03
MPa at a strain rate of 102 s'1. Indeed, sodium exhibits a marked
strain-rate sensitivity, owing to its relatively low melting point
(98°C) and correspondingly high homologous temperature (T/Tm
= 0.8 at room temperature). This strain-rate dependent stress
response is in good agreement of previous studies on Na by
Fincher et al.?® under compression and Wang et al.*° under
tension.

To aid in understanding the microstructural mechanisms that
lead to the observed mechanical behavior of Na, we performed
SEM studies of the fractured surfaces, as shown in Fig. 4 and 5.
To do so, samples were transferred in a hermetic container from
the glovebox to the SEM chamber with only a few seconds of air
exposure during transfer. Petroleum jelly was also applied to the
surface of the sample to further mitigate chemical reactions with
ambient air.

Fig. 4(a) shows that extremely ductile necking occurred through
the thickness of the specimen, almost down to a single line along
its width (as shown from left to right near the middle of Fig.
4(a)). Additionally, the fractured surfaces appear striated
(interestingly as is often seen in fatigue), and evidence of wavy
slip during the fracture process is evident, as in Fig. 4(b). In terms
of the potential origin of this latter observation, sodium has a
body-centered cubic (BCC) structure at room temperature. The

slip system that is most commonly activated in BCC materials is
the {110}K111)system. The {110} planes are stacked in an
ABABAB sequence, and screw dislocations can move in any
direction on these {110} planes*8, which is conducive to wavy
slip*. Also, since the BCC structure is not close-packed,
nonplanarity of screw dislocations occurs more easily®® 5.
Likewise, the melting point of sodium is around 98°C, i.e., at
room temperature the homologous temperature of sodium is
around T/Tm = 0.8. At higher homologous temperatures,
thermally-activated screw dislocations can more easily move in
the {110}planes®. Additionally, at higher homologous
temperatures, dislocation movement is not confined to single slip
plane because cross-slip and dislocation climb can readily occur,
which is also conducive to the formation of wavy-type slip.
However, we should be clear that our observations of what
appears to be wavy slip does not necessarily imply that wavy slip
is the dominant deformation mechanism in Na metal. Related to
this point, Na has a high homologous temperature even at room
temperature, which implies that specific creep-based
mechanisms are likely important in sodium’s deformation
mechanics. Determining the precise dominant deformation
mechanism requires more detailed microstructural studies than
we have performed herein and is an interesting area for future
work. Fig. 4(c) and 4(d) show clear evidence of rough, dimpled
features on the fractured surface of Na, which is typical of ductile
materials. As such, we surmise that the observed ductile fracture
of sodium originates from the formation of microvoids. As
plastic deformation proceeds, the microvoids form and coalesce,
eventually leading to macroscopic failure.

Fig. 5 SEM images of a fractured surface of Na tested at lower strain rate of 0.01 s™. (a) is a zoomed-out image showing that extreme necking
occurs through the thickness of the specimen, almost down to a single line. (b) is a zoomed-in image of the red dotted box in (a). (c) and (d)
are further zoomed-in images that show further details of the rough surfaces indicative of microvoid formation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 shows SEM images of a fractured surface of Na when
tested at a lower strain rate of 102 s1. Although we observed
significantly lower flow stress at this lower strain rate (Fig. 3),
we did not observe any obvious qualitative differences in the
fracture surface relative to that at the higher strain rate. Namely,
the fractured surface at this lower strain rate still shows rough,
dimpled features indicative of microvoid formation during
fracture.

Implications for Na metal batteries

Sodium metal batteries are desirable in terms of their high
theoretical capacity, comparably low standard reduction
potential of -2.713 V, and relative abundance in the earth’s
crust® 54, However, undesirable dendrite formation often occurs
during electrochemical cycling, which is accompanied by risks
such as short circuits, reduced capacity, and safety issues (fire
hazards). Since sodium is extremely reactive and has low flow
stress, relatively large flaws can form during the fabrication
process as well as during electrochemical cycling. However, as
shown in Fig. 2, sodium demonstrates remarkably similar
mechanical behavior regardless of the presence of flaws. Here,
centimeter-scale cracks were used for the experiment, in line
with the dimensions of the tested samples. However, in real
battery applications, the flaws will be much smaller, e.g., flaws
from manufacturing processes or sodium
cycling/plating/deposition typically exist in the micron or sub-
micron length scale. Indeed, one set of our studies here involves
specimens without a pre-cut, which presumably have small
defects in them from the manufacturing process, e.g., micro-
cracks. We then compare this set of samples to another set with
large (mm to cm-scale) flaws. Even in this extreme example in
going from very small defects that are undetectable (at least by
our eyes) to specimens with very large cracks (mm to cm-scale),
we observe essentially no sensitivity of the mechanical response
to the presence of these flaws. Extending this logic, our results
also suggest, albeit it indirectly, that micro-scale cracks will very
likely have similar mechanical characteristics (e.g., flaw
insensitivity) to our experimental tests performed here at larger
scale. This feature is desirable from the perspective of predicting
its mechanical behavior reliably, even under different fabrication
and operation conditions. Likewise, this property of sodium is
desirable from a failure/damage perspective in that the presence
of flaws does not reduce its effective strength, as is the case in
most engineered systems.

Barai et al.%® reported that lithium dendrites can be suppressed
by external pressures. It is likely that a similar tactic can be
employed in sodium-based batteries, given sodium’s similarities
to lithium in terms of mechanical properties and
charging/discharging through an alloying/de-alloying process.
To first order, when a dendrite forms, its flow stress must exceed
the external pressure to allow it to grow. The dendrite can grow
until its flow stress equilibrates with the external pressure, above
which it plastically deforms and expands in-plane®: 5. Our
results provide values of the flow stress of Na metal, which could
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be used in guidelines in suppressing dendrite formation. We
report a flow stress of about 0.29 + 0.03 MPa at strain rate of 0.1
st and 0.15 + 0.02 MPa at strain rate of 0.01 s, which is
comparable to reported values in literature of 0.19 — 0.28 MPa
under tension/compression from Wang et al.*° and 0.10 — 0.25
MPa at strain rates between 10 and 10 st under compression
from Fincher et al?®. These values are smaller than the reported
yield strength of approximately 0.57-1.26 MPa for lithium
metal®8, which is likely an advantage for sodium in more readily
inhibiting dendrite growth and thus in preventing short circuits
in sodium metal-based solid-state batteries, as has been
discussed in detail in previous work?> 39,

In terms of dendrite formation, which is one of the most
important issues in alkali metal-based batteries, representative
sizes are typically in the nanometer scale (e.g., hundreds of
nanometers). Liu et al. reported that the yield strength of
nanostructured Na is much higher than that of bulk Na*.
Likewise, Fincher et al. studied the mechanical properties of Na
at small scales (down to hundreds of nm) and reported that
sodium exhibits a significant size effect at room temperature?.
Namely, through nanoindentation methods, they found that
sodium becomes softer as the indentation depth becomes larger,
i.e., sodium is stronger/harder at smaller length scales. In this
work, we have found that sodium is nearly insensitive to the
presence of even large flaws. As such, we expect that this
observation of flaw insensitivity extends down to very small
length scales. In other words, from these studies, we predict that
dendrites will likewise be unaffected by the presence of flaws, at
least in the fracture mechanics sense of flaw sensitivity and its
effect on overall mechanical behavior.

In addition, the soft nature of Na metal will likely enhance its
interfacial contact with a solid electrolyte in solid-state batteries,
thereby increasing stability, cycle life, and critical current
densities. Namely, in solid-state batteries, internal circuits are
often disconnected by external forces, temperature changes, etc.,
which can lead to the formation of gaps between components
(e.g., between a metal anode and a solid electrolyte). However,
sodium’s facile flow renders it conducive to filling in voids that
often form, thereby maintaining the internal connection and
reducing interfacial resistance. Moreover, recent research has
studied electrodes that implement multiple phases of active
materials. It has been found that metallic Na and Na-alloy based
electrodes can readily flow plastically, thus improving interfacial
contact and thereby increasing critical current densities that can
be sustained prior to degradation®°.

Furthermore, the relatively low flow stress, large ductility, and
flaw insensitivity of Na metal are conducive to applications in
flexible batteries®®-61. Specifically, flexible batteries must be
readily deformable (compliant/soft) and must remain mechanical
robust during repeated loading. Due to its relatively low flow
stress and large ductility, sodium metal indeed has the requisite
flexibility for users to freely change its shape as desired, thus
providing tremendous promise in developing flexible batteries.
Moreover, Na metal is highly insensitive to the presence of

This journal is © The Royal Society of Chemistry 20xx
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flaws, which could aid in maintaining its mechanical properties
after repeated loading.

Conclusions

In this work, we have characterized the fracture behavior of Na
metal. The stress-strain curves of specimens with and without
pre-cuts (crack-like flaws) were remarkably similar, thereby
indicating that sodium is nearly insensitive to the presence of
flaws, owing to its extreme ductility. Instead, under tension, Na
exhibited through-thickness necking down to nearly a line that
led to eventual failure at large macroscopic strains. This flaw
insensitivity is desirable from the perspective of predicting Na’s
mechanical behavior reliably, even under different fabrication
and operating conditions. Likewise, sodium’s flaw insensitivity
is desirable from a failure/damage perspective in that the
presence of flaws will not reduce its effective strength, which
contrasts with most engineered systems. We also characterized
the microstructural features associated with fracture of Na
through scanning electron microscopy. These studies revealed
several features indicative of highly ductile fracture, including
wavy slip and microvoids. Overall, this study has provided
fundamental insight into damage and fracture of Na metal, which
can aid in designing Na-based architectures and corresponding
charging conditions that avert mechanical damage.
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