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Abstract

Although lithium-metal anodes are being extensively examined in research
projects aiming at pushing the energy density of lithium batteries to its limit,
the knowledge about the mechanical properties of pure lithium is insufficient in
two aspects. First, available data focuses either on nano- and micro-scale single
crystalline lithium or on macro-scale bulk material. Second, those tests were
commonly performed via uniaxial tests in which the stress states were simple.
This work aims at bridging these gaps by performing a systematic experimental
program under various stress states on small-sized specimens and by developing
a plasticity model that can capture the important characteristics. Based on
these experimental and computational findings, the added value on the under-
standing of the deformation and failure mechanisms of lithium under various
stress states and a first quantitative description on the plasticity anisotropy

on lithium is provided. In order to manufacture the required complex-shaped
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specimens for the five different stress states (uniaxial tension, notched tension
with two different radii, central hole tension, and simple shear), a method which
allows safe laser cutting of thick lithium foil in argon atmosphere is developed.
The tensile tests are conducted in pure argon as well as in air to quantify the
effect of oxidation on the strength of lithium. By means of post-mortem mi-
crostructural examinations, two active slip systems and cross-slip are observed.
Lithium fractures in a perfectly ductile manner when the specimen thickness
is reduced to zero due to localized necking. Digital image correlation analysis
shows that the lithium foil is highly anisotropic in the through-thickness di-
rection although it is in-plane isotropic. By using a rate-dependent transverse
isotropic model, a satisfactory prediction of the five experiments is provided.
Keywords:

Pure lithium, Lithium-metal battery, Mechanical properties, Microstructure,

Plasticity, Fracture

1. Introduction

Since lithium-ion batteries are close to reaching the theoretical limit of their

energy density, next-generation batteries are currently under development [IJ.
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Replacing the porous graphite anode with pure lithium is a promising approach
to increase the amount of energy that can be stored in a battery. An additional
advantage is the possibility to integrate the lithium-metal anode into all-solid-
state energy storage systems without the otherwise necessary highly flammable
liquid electrolyte. By the use of these all-solid-state batteries (ASSBs), the
battery safety is improved, for example in electric vehicle crash scenarios [2].

However, the development of a long-living lithium-metal battery is still a
continued process. Existing prototype batteries using lithium-metal anodes suf-
fer from the relatively low cycle life and durability (around 400 cycles compared
with the over 1200 cycles of commercial lithium-ion cells in the market). One
of the important issues is the formation and growth of dendrites during the
service life of the battery cell [3]. Lithium dendrites can penetrate into the
separator and potentially cause an electrical short circuit and the failure of the
cell [4]. Several recent experimental and theoretical studies that successfully
stabilized the cycling performance of liquid-electrolyte lithium-metal batteries
showed that inducing mechanical pressure and plastic flow of the lithium is ben-
eficial to suppressing the dendrite formation [5] and breaking lithium whiskers
[6,[7]. For lithium-metal ASSBs, one essential issue hindering their commercial-
ization is the loss of contact at the interface between the solid electrolyte and
the lithium foil [§]. Like the case of liquid-electrolyte lithium-metal cells, many
existing studies in the open literature showed that applying an external mechan-
ical pressure on the battery could help to address this issue, thus increasing the
cycle performance by two to three folds [9, [10] [TT].

While various models have been developed, the underlying physics of the
pressure effect is still not fully understood. One of the obstacles is the lack of a
reliable mechanical characterization of pure lithium. Monroe and Newman [12]
proposed perhaps the first electrochemical model of a solid-state lithium-metal
battery that considered the pressure effect on the thermodynamics and kinetics,
but their model assumed linear elasticity of pure lithium, which is not realistic.
Barai et al.[I3] extended this model by introducing an elasto-plasticity theory

to describe the mechanical deformation of pure lithium. Recently, Zhang et al.
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[14, [15] developed a model of the lithium-solid electrolyte interface by consid-
ering the roughness of the two components. The authors reported that even
under a low external pressure of 700 kPa, the lithium foil can locally reach the
yielding criterion and develop a large plastic deformation due to the localization
caused by the surface roughness. This finding emphasizes the importance of an
accurate plasticity model of pure lithium. Anand and Narayan [16] [17] devel-
oped an elastic-viscoplastic model for lithium and applied it to model the large
deformation during the formation of lithium dendrites. Even calibrated with a
limited amount of data from the open literature, this model showed promise for
battery characterization.

One fundamental challenge of investigating the mechanical properties of pure
lithium stems from its size effect. An overview can be found in two recent articles
[18,[19]. The general trend is that small-scale dendrites are significantly stronger
then large-scale bulk lithium, which is not new to the mechanics community who
have seen the same trend in other materials [20]. Existing data that has been
reported in the open literature focuses either on micro-scale single crystalline
lithium [2I] or on macro-scale bulk material [I8] 22, 23] 24] 25]. Two recent
studies [I8, [26] successfully obtained the mechanical properties of lithium at
nano-scale by growing whiskers and using an atomic force microscope (AFM)
to apply compressive forces. Even with these important progresses, there is
still a clear gap in the existing research, which is the meso-scale — that is a
specimen size that ranges from several micrometers to about one millimeter —
which corresponds to the thickness of a lithium-metal anode.

Another limitation of the available experimental data on pure lithium is
that the investigated stress states were relatively simple and usually did not
cover large deformation to fracture. As a result, most of the existing studies
were focused on the basic linear elasticity and uniaxial plasticity parameters.
Much work was done on the description of the elastic properties of lithium
including the Young’s modulus and the yield stress. The Young’s modulus was
measured in mechanical tests including uniaxial tensile tests [22], compression

or upsetting tests [I8, 23], bending [24], nano-indentation [19] 27, 28] and flat
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punch indentation [25] as well as with acoustic or vibration methods [29] [30].
Further indentation tests where the objective was other than to determine the
Young’s modulus were conducted [31], [32]. Despite the large number of different
methods, it can be agreed on an approximate Young’s modulus of F = 7.8 GPa.
The elastic constants of lithium single crystals were determined with acoustic
techniques [33] 34]. The Poisson’s ratio was measured to be 0.381 [29]. The
yield stress was determined in tensile [19] 22| 29, B35, B6, B7] and compression
tests [I8] 211, 23]. It is furthermore possible to convert data from hardness tests
to yield stresses assuming that o, ~ H/3 [19]. For example the yield stress
of lithium at a strain rate of ¢ = 5x 1073s7! is 0, = 0.71MPa [19]. The
creep properties of lithium were studied in tension [29] [38] and compression
[29, B9]. Due to its low melting point, lithium presents significant creep even
at room temperature. From the creep experiments and the before mentioned
tensile tests, the strain rate dependence was quantified with a stress exponent
n between n = 6.55 and n = 6.6. Despite all these existing studies, some
important aspects of the multi-axial plastic behavior, such as the shape of the
yield surface, strain hardening and plastic flow, as well as the fracture behavior,
were seldom investigated.

The purpose of the present study is to bridge the aforementioned gaps by
performing large-deformation tests on pure lithium samples under multi-axial
stress states and by characterizing the measured mechanical behavior. Three
main challenges could be identified. First, the currently widely-used sample
preparation techniques — razor blade and die cutting [19, 22] B8] — cannot pro-
duce complex geometries for multi-axial stress state tests such as tensile tests
on central hole specimens. Second, pure lithium has to be handled in a gas-
protected environment or in vacuum due to its high reactivity [40]. To avoid
the influence of the oxidation by air and humidity, the two procedures of sam-
ple preparation and testing are usually performed in the same gas-protected
chamber such as an Ar-filled glovebox. However, advanced techniques for the
manufacturing of complex-shaped specimens may not be available in a glovebox.

Last, pure lithium was reported to be one of the softest metallic materials with
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the highest ductility, to the best knowledge of the authors. During mechanical
tests, severe strain localization (diffuse and localized necking) happens, making
the strain measurement extremely difficult. LePage et al.[38] circumvented this
problem by designing a tensile specimen with a large-radius notch. In this way,
strain localization only occurred in the weakest cross-section so that the authors
could focus their cameras for digital image correlation (DIC) on a small range
for calculating the local strain. This method came with two limitations. One is
that the stress state in the notched sample was no longer ideally uniaxial tensile,
particularly when severe necking took place. The other is that the speckle-field-
based DIC method is usually not reliable enough to process the local strain
field when the deformation is extremely large unless a very fine speckle field can
be created, for example, using the method by Wang and Wierzbicki [41]. How
to make use of fine-speckle techniques without causing oxidation of the pure
lithium is another issue to be addressed.

In this study, these three difficulties will be overcome with methods that are
different from the aforementioned existing publications. The complex geometry
of specimens will be produced by a safe laser cutting technology, the influence
of oxidation will be first understood and quantified and then controlled with
some simple but effective techniques, and the strain localization problem will
be addressed by an inverse method by matching the numerical simulation result

to the experimental data.

2. Experimental methods

2.1. Material and equipment

Unless otherwise stated, the 750 pm thick battery-grade Alfa Aesar lithium
foil (99.9 % metals basis, packed in Ar) was used for the experiments. The as-
received lithium shows a shiny silver surface with longitudinal grooves due to
the rolling process in the manufacturing. The material was extensively studied:
it was found to be transversely isotropic in terms of its stress-strain curve and

to have a preferential [100] texture in the normal direction to the foil [38]. The
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microstructure of the as-received foil used for this work was verified to match
the microstructure of the lithium used by other researchers whose samples were
from the same vendor. Based on Figure ) the grain size was estimated to be
about 150 pm. It was furthermore noticed that the surface of the as-received
lithium was covered with a natural passivation layer composed of LioCOg3, LiOH
and LioO [42] @3]. The lithium was handled in an Ar-filled glovebox with less
than 0.1 ppm water and less than 1ppm oxygen. Unless otherwise stated, all
tensile tests were conducted at a displacement rate of Al = 2.4mmmin~! which
corresponds for the uniaxial tension test to a strain rate of ¢ =4 x 1073571, An
Instron 5944 universal tensile tester equipped with 100 N load cell, the precision

of which was checked for this work, was used.

2.2. Sample preparation by laser cutting

Inspired by the use of the fast, flexible, precise, and highly automatable laser
cutting in industrial applications, this technology was chosen to manufacture the
tensile specimens. Laser cutting provides a large freedom in geometry and the
possibility to make changes in the shape easily. It has already been shown for
50 pm thin lithium foil that laser cutting is possible in dry air and that a risk of
fire exists if reaction products on the surface are present [44]. In this work, the
method was extended to thicker, more easily commercially available lithium foil
and the risk of fire was further minimized by cutting in argon instead of in dry
air. For this method, it is not necessary for the laser cutter to be in a glovebox.
Some of the advantages of laser cutting over the use of a die even for simple
geometries are the increased precision of the specimen dimensions and the fact
that it is no longer necessary to detach the lithium from the die. All specimens
were manufactured parallel to the rolling direction of the foil.

The resulting edge after laser cutting and the heat affected zone are shown
in Figure ) The width of the heat affected zone was determined from optical
and electron microscope images and was found to be about 150 pm which is
much smaller than the specimen dimensions. Fracture initiation has repeatedly

been observed to be in the center of the specimen. This indicates a good edge
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Figure 1: a) Scanning electron microscope (SEM) image of the microstructure of the as-

received Alfa Aesar lithium foil; b) Edge and heat affected zone after laser cutting.
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Figure 2: Argon filled sealed chamber for laser cutting with (1) microscope slide, (2) lithium,

(3) spacers, (4) o-ring and (5) binder clip; the laser source is above the assembly.

quality.

A simple sealed chamber in which the lithium was kept during the cutting
process was developed and is shown schematically in Figure The chamber
is composed of two transparent glass microscope slides (1) between which the
lithium (2) is placed and fixed in place with two rubber spacers (3). A rubber
o-ring (4) is placed around the lithium and the assembly is sealed by applying
pressure on the microscope slides with small binder clips (5). By assembling the
sealed chamber in a glovebox, the lithium between the two microscope slides is
protected by argon even when the assembly is removed from the glovebox. As
the glass microscope slides are transparent for the used laser, the whole device
can be transferred to a laser cutter, and the lithium can be cut without releasing
the seal, thus preserving the protecting argon atmosphere. The rubber spacers
(3) have a double function: firstly they fix the lithium foil in place and keep it
flat, and secondly they ensure that above the lithium foil some space remains.
This space is crucial for a successful cutting because it gives the during the laser
cutting evaporated material the possibility to escape from the cutting zone.

To validate the here developed laser cutting procedure, it was performed
with lithium foils of two different thicknesses: 370 pm and 750 pm. After the
cutting, the sealed chamber could be opened in a glovebox to finish the speci-

men preparation. It was found that the thin foil could be cut easily and that
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Figure 3: Specimen geometry for five different stress states, the small points indicate the start

and end point of the DIC extensometer. All dimensions are given in mm.

the specimen detached nearly automatically from the remaining surrounding
material, whereas for the thick foil it was necessary to remove the surrounding
material manually. Although this was, carefully done, possible and relatively
small specimens with a complex geometry could be manufactured, it is rec-
ommended to use a thinner foil for smaller specimens or specimens with very
complex geometry.

Five different specimen geometries were manufactured in order to conduct
tests at five different stress states. The specimen geometry follows closely the
geometry of a previously developed set of specimens [45] [46] with an overall
scaling coefficient of 0.5. The radius of the central hole specimen was chosen
as recommended and for the simple shear specimen the geometry recommended
for highly ductile materials was used. The final geometry is presented in Figure

Bl In order to ensure that the laser cutting does not influence the mechanical

10
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properties of the so manufactured specimens, a reference test with a uniaxial
tension specimen manufactured with a knife was conducted. No difference in

the test results was found. This is coherent with the small heat affected zone.

2.3. Testing procedure in argon atmosphere

A glovebox is a very common choice for performing mechanical tests on pure
lithium, but it usually comes with much inconvenience in sample installation,
test operation, and post-mortem examination. An alternative method was pro-
posed by the authors’ team in a previous study [47]. The method consists in
conducting the tensile tests in an argon filled Ziploc plastic bag while ensuring
that the plastic bag does not influence the result. For this purpose, the speci-
men is placed into a plastic bag in a glovebox and the plastic bag is sealed. As
the plastic bag does not provide a perfect long term protection, the specimen
transfer to the tensile tester needs to be done as quickly as possible. The spec-
imen and the plastic bag are clamped together into the tensile tester making
sure that the plastic bag can move freely around the specimen. To prevent slip
between the clamp, the plastic bag, and the specimen, the clamps need to be
closed tightly.

A uniaxial tension specimen shortly after fracture initiation is shown in
Figure ) It can be observed that the newly formed fracture surface, consisting
of pure lithium, remained shiny silver in the argon filled plastic bag which
indicates clearly that no chemical reactions occur at the time scale of a tensile
test. Furthermore, it can be noticed that the specimen appears to be distorted
through the plastic bag. Hence, DIC can not be used in combination with the
plastic bag method. The testing procedure applied in this work was thus the
following: a reference test for which the machine displacement was measured
was conducted in a plastic bag. For further tests providing a more accurate
displacement measurement, a new specimen was removed from its plastic bag, a
speckling pattern was applied on its surface using fast drying color spray and the
specimen was immediately tested in air while the displacement was measured

both by the tensile tester and by 2D DIC. Unless otherwise mentioned, the

11



220

225

230

o
-

=
ES

=
N

Ly
o

o
o

—— 0 min

Engineering Stress [MPa]
o
©

041 — 1 min
—— 10 min
=" 60 min
0.0
0.0 0.2 0.4 0.6 0.8 1.0

Nominal strain [-]

10um  —

Figure 4: a) Fracture initiation at a uniaxial tension specimen during a test in an argon filled
Ziploc plastic bag; b) Effect of oxidation on a uniaxial tension test; ¢) Microstructure after a

few seconds of air exposure; d) Microstructure after 5 min of air exposure.

commercial software VIC-2D was used.

By comparing the result from the reference test and the specimen which was
tested in air, it can be shown that a short exposure to air before and during the
test does not influence the result. As shown in Figure [db), tests after different
time intervals of oxidation have been conducted. The plot shows the nominal
strain in the range of the DIC extensometer and the engineering stress. For an
oxidation time of 1 min and 10 min, the difference to the reference test in argon
is negligible. After 60 min of air exposure, a significant strengthening trend can
be observed. Further tests have shown that the results not only depend on the
exposure time but also on the atmospheric condition. A short exposition time
and dry air have the smallest influence on the mechanical properties of lithium.

The increased strength of the oxidized specimen can be explained when

12
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the microstructure is analyzed. On the surface of a specimen that has been
exposed to air for a few seconds during the transfer to the SEM some isolated
particles can be observed as it is shown in Figure[df). From Figure[d}l) it can be
seen that with increasing oxidation time, the reaction products start to form a
network that strengthens the specimen. For longer oxidation times, the number
of particles increases until the surface is totally covered by them. After very

long air exposure, the originally soft and ductile lithium becomes brittle.

3. Experimental results

8.1. Test results

Each experiment was conducted at least three times with DIC measurements.
The results are shown in Figure )7e). It can be seen that all the four tensile-
type tests present a very good repeatability. Only for the simple shear specimen,
some fluctuation in the results can be observed which is due to the small size
and complex geometry of the specimen. In the force-displacement curves, the
displacement was calculated using DIC in the gauge section marked by two
points in Figure With the exception of the simple shear test result, the
last plotted point corresponds to the fracture initiation. It was determined by
visually choosing the DIC image at which a crack was observed first.

The uniaxial tension test, Figure )7 confirms that lithium is an extremely
ductile material with early diffuse necking (at a nominal strain around 0.05).
The early force maximum is followed by a long monotone plastic deformation
with decreasing force. It can be noted that the observed maximum stress of
about 1.2 MPa is significantly higher than what is expected from literature val-
ues [19,38] (about 0.8 MPa). This is further discussed in Section[5.3} A nominal
fracture strain of about 70 % is observed. Localized necking can sometimes be
observed at multiple locations in a single specimen. A local fracture strain of
about 400 % has been found using DIC. This value should however be used with
caution because of the excessive local deformation of the material and therefore

difficult and potentially imprecise DIC measurement.

13
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The fracture displacement decreases when notched specimens are tested and
decreases with decreasing notch radius, see Figure ) and Figure ) This
can be explained by the increasingly triaxial stress state. Due to the imposed
fracture location in the notched specimens, they do not necessarily fracture at
the weakest point resulting in a higher strength.

Since the central hole specimen has a larger gauge width than the uniaxial
tension and the notched specimens (8§ mm in comparison to 5mm), it is not
surprising that the measured force is higher. The central hole being comparable
to a notch of 1 mm radius, the result further confirms the expectation of a
relatively small fracture displacement. The result is displayed in Figure )

Theoretically, the specimen in the simple shear test should have no change
in its thickness and the failure of the specimen should take place through shear
bands, as reported by many existing studies on various sheet metals [48] [49].
As a result of the absence of thickness reduction, the measured force should
keep increasing. This expectation was observed in the simple shear tests of
pure lithium — the force did not drop until a large displacement of around
2.5mm. It is worth noting that this increasing force is a combined effect of
three possible effects, which are strain hardening, strain rate strengthening,
and the influence of the heat-affected zone due to the small gauge length. At
the late stage of the test, due to the large ductility of pure lithium, the stress
state becomes a combination of shear and tension, and the tensile portion causes
a small amount of necking. Despite the small gauge section (around 1.55mm)
in the shear specimen, a very large fracture displacement can be observed. No
fracture initiation or propagation was observed during the shear tests. The
plot in Figure ) hence contains data until the complete separation of the two
specimen parts.

Although the fracture surfaces for the uniaxial tension, the central hole and
the notched specimens show a very similar appearance with significant necking,
slight differences can be noticed. In particular for the central hole specimen it
can be clearly seen that fracture initiation occurred at the central hole. While

the test is continued, the crack slowly propagated to the outer specimen edge

15
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until the complete separation of the two parts of the specimen was reached.
Lithium shows a perfectly ductile behavior, fracture occurs after necking until
a specimen thickness of zero is reached, and the two specimen parts separate
smoothly without a sharp force drop.

While the above mentioned specimens fracture in a line, the simple shear
specimen fractures in a single point. The highly deformed shear section can
clearly be seen in Figure |be). With ongoing displacement, the two parts of the
shear section slide on each other until they are only connected by very little
material. From then on, localized necking occurs until the connecting material
is reduced to a point.

The above presented results advance the understanding of the fracture be-
havior of lithium under various stress states. The soft and perfectly ductile
fracture behavior is of great importance for battery applications. In contrast
to regular graphite anodes that fracture abruptly at a small fracture strain
[47, 50], the fracture of lithium-metal anodes occurs smoothly at much larger

deformations which results in a safer battery behavior when it is deformed.

3.2. Microstructural examinations

The microstructure of lithium was examined before and after deformation.
Although the surface of the as-received lithium foil was covered with a thin
natural passivation layer, slip lines of the lithium could still be observed since
the surface layer followed the movement of the underlying crystal. The slip lines
were oriented in different directions in the individual grains and stopped at the
grain boundaries. Sometimes, two active slip systems could be observed as it is
shown in Figure @1) Moreover, following the large deformation of the lithium,
the cracked surface layer could be noticed.

In addition to regular straight slip lines, wavy slip lines were often observed
and can be found in Figure @9) These are a result of cross-slip and can also
be found in other metals at high temperature [5I]. Since the melting point of
lithium is low, it is not surprising to observe this phenomenon already at room

temperature.

16
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After fracture initiation, a highly deformed area could be observed at the
crack tip. This can be seen in Figure @:) and is believed to be a combination of
stress concentration at the crack tip and the fact that the specimen thickness
at this point is extremely small.

In Figure [6{d), a detailed view of the fracture surface is shown. No dimples
could be observed on the fracture surface. This can be explained by the high
purity of the used lithium, no defects were available for the formation of dimples.
Hence, no crack could be initiated, and the whole section deformed and fractured
by sliding. The perfectly ductile fracture — with necking until a thickness of zero
is reached — can clearly be seen. A straight line in the center of the specimen
thickness forms and can be followed from one edge of the specimen to the other.
The same fracture can also be observed in other high purity metals [51].

An alternative explanation for the perfectly ductile fracture behavior is the
high homologous temperature during the experiments. Lithium is known to
fracture in a brittle manner without localized necking at a temperature of 4.2 K
[35]. With increasing temperature, lithium shows a ductile fracture behavior

with localized necking.

3.8. Anisotropy

The anisotropy of polycrystalline lithium foils has not been sufficiently dis-
cussed by the open literature. Many studies treated them as isotropic materials.
A recent study by LePage et al. [38] provided a strict validation of this assump-
tion by comparing the stress-strain curves in the rolling direction and transverse
direction, which turned out to be identical. Furthermore, the crystallographic
texture of the lithium foil was measured by in-plane X-ray diffraction and a
preferential crystal orientation was found. However, it shall be pointed out that
the through-thickness direction has not been investigated quantitatively. Usu-
ally, sheet metals manufactured through rolling such as aluminum alloy and
high-strength steels have severe anisotropy [48), 52]. Here the anisotropy of the
studied lithium foil is investigated by calculating the plastic strain ratio (also

known as the Lankford r-value) of the uniaxial tension specimen, which is de-

17
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Figure 6: a) Two active slip systems; b) Wavy slip lines due to cross slip; ¢) Stress concentra-

tion at crack tip; d) Fracture surface reduced to a horizontal line between the two arrows.
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Ew
r=— 1
e, 1)
where €,, is the true plastic width strain and e; is the true plastic thickness

strain. Based on the assumption that the plastic deformation is isochoric, the

alternative formulation

fw
= 2

p——— (2)

where ¢; is the true plastic length strain can be used [53], hence ¢; = — (g, + €1).

The automatic method described in ISO 10113 [53] was applied with a Young’s
modulus of 7.8 GPa and a Poisson’s ratio of 0.381 [29]. Using virtual exten-
someters on the DIC images that were recorded during the tensile tests, the
strain in length and in width direction can be deduced and the strain in thick-
ness direction can be calculated. For this analysis, the softwares Ncorr [54] and
Ncorr_post [55] were used.

The results of this analysis are presented in Figure [5f) which shows a much
larger strain in thickness direction than in width direction. At the onset of
diffuse necking (maximum of the nominal stress), the plastic strain ratio of
the studied lithium foil was found to be r = 0.138, which indicates a highly
anisotropic deformation behavior. This value confirms that a large strain in
the through-thickness direction can be expected during the tensile tests. Since
instead of local strain measurements virtual extensometers were used for the
calculations, the strain in thickness direction was underestimated. The large
strain in thickness direction is experimentally validated through the reduction
of the thickness to a line during fracture. The plastic strain value thus provides
a coherent explanation of the fracture behavior of lithium in addition to the

above mentioned microstructural explanation.
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4. Modeling

4.1. Constitutive model

Here the transversely-isotropic form of the quadratic yield function proposed
by Hill in 1948 [50] that is being widely used in the metal forming community
is adopted,

f= \/F (022 — 033)2 + G (033 — 011)2 + H (011 — 022)2 +2Lo3, + 2Mo3, + 2No?, — 7, (€P,£P) = 0,
(3)

where F', G, H, L, M, and N are the six parameters to be calibrated, o;; are

the stress components, and &, is the flow stress as a function of the equivalent

plastic strain &7 and its rate &P, also known as the rate-dependent hardening

curve. For simplicity, the multiplicative decomposition strategy is used here.

Gy = Oret (€7) £ (€7), (4)

where Gt as a function of just &P is the hardening curve under a constant
reference strain rate, and f is a function that describes the rate dependence.
The measured stress-strain curves suggest that pure lithium is relatively soft
and its hardening is not prominent. Therefore the Voce law is used to capture

its hardening behavior,
Oref = 00 + (Usat - O'O) (1 - exp(—ﬂgp)) ) (5)

w0 where oq is the first yield stress, g, is the saturation stress, and S is the
parameter that controls the responding speed to reach saturation.

The rate-dependence of plastic behavior is described by a simple power law

fer) = (W)/ (©)

where é” . is the reference plastic strain rate, in this study set at 0.005s71. As
a result, .o is the hardening curve obtained under this strain rate.
It is worth noting that the model presented in this study agrees very well

35 with Anand and Narayan [10] [I7]. The differences lie in three aspects. 1) The
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hardening law and the rate-dependence power law are both simplified. In Anand
model, the hardening is in the rate-form and coupled with rate-dependence. In
this model, these two effects are decoupled, in order to make the calibration
easier. 2) The through-thickness anisotropy (in the o33 direction) is introduced
into the yield function. 3) Here, the additive decomposition of the total strain is
used, i.e. € = €.+ ¢€p, while the multiplicative decomposition of the deformation
gradient was used in Anand model, i.e. F = F.F,. From a theoretical point
of view, the latter is suitable for modeling large deformation, but the former is
also frequently used in metal forming problems and we found that it can also

provide satisfactory predictions in this study.

4.2. Calibration and numerical simulations

In total, there are ten unknown parameters in the constitutive model. By
neglecting the trivial effects of the shear stresses o135 and o023, L and M are
both assumed to be 1.5, which reduces to the isotropic model. In addition,
following the conclusion by LePage et al. [38] about the in-plane isotropy, the
model is assumed to be “transverse isotropic”. With the measured Lankford
r-value of r = 0.138, it is determined that FF = G = 0.879 and H = 0.121. In
this way, five out of the six parameters in the Hill48 yield function are already
determined. The only unknown parameter N describes the possible difference
between uniaxial tension o1; and shear o15. The rate-dependence parameter is
obtained from existing publications, n = 6.55 [19] [38].

To calibrate the remaining four unknown parameters, N, og, 0gat, and g3,
an inverse method was performed by running simulations of the tests and opti-
mizing the parameters to achieve the best predictions of the force-displacement
curves. The details of the inverse method can be found in [48] 57, [58]. Because
uniaxial tension specimens usually come with imperfections on the edge, mak-
ing it hard to determine the most critical cross-section and predict the necking
onset, the other four types of tests (central hole, notched R5, notched R10,
and simple shear) were used for the inverse calibration in the present study. A

MATLAB code based on the Nelder-Mead Simplex Method was developed for
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Table 1: Parameters for the Hill48 yield surface of the studied lithium foil

FE  GH H(E) L) M) N()

0.879 0.879 0.121 1.500 1.500 1.992

Table 2: Parameters for the hardening behavior and the strain rate effect of the studied

lithium foil

oo(MPa) ogi(MPa)  B(-)  n(-)

1.024 1.389 22.27 6.55

calibration, and the values of all the parameters are listed in Table [I] and Table
All the numerical simulations were carried out in Abaqus/Standard with a
local mesh size of 75pm, which guarantees a number of ten elements through
the thickness. The displacement rate used in the simulations was taken from
the experiments in order to study the effect of the strain rate. After the cali-
bration using the four other tests, the model was applied back to the simulation
of uniaxial tension test, as a validation. The simulation results of all the five
tests are shown in Figure [7] where a good agreement between simulations and
tests can be observed. Considering that there are five tests that involve multi-
axial deformation and that the experimental tests can not perfectly repeat one
another either, a small deviation is acceptable.

The initial yield surface is plotted in ) in the space of principal stresses
under plane stress condition. For comparison, the isotropic yield surface of
von Mises is also plotted. It can be observed that although the lithium foil
is transversely isotropic, there is a big difference between its yield surface and
the isotropic von Mises, as a result of the anisotropy in the through-thickness
direction. A new set of simulations is done using the von Mises yield function
with the calibrated hardening curve. The results of the notched R10 test are
shown in Figure ) Assuming isotropy clearly results in the over-prediction of
the force-displacement response. By introducing anisotropy, the strength in the

through-thickness direction is smaller than the in-plane strength. Therefore,

22



[
<
[0}
5}
=S 4l )
£ @ Experimental
2] : ) Central hole
== Simulation . .
(Inverse calibration)
0 T T T T T
0.0 05 1.0 1.5 2.0 25 3.0
8
~
Z
<
[0}
o
5 .
- O Experimental

Notched R5

(Inverse calibration)
0 : . : . :

== Simulation

0.0 0.5 1.0 15 20 25 3.0
6
~
Z 4
<
[}
o
o
2 7 O Experimental Notched R10
== Simulation (Inverse calibration)
0 . . . . .
00 05 10 15 20 25 3.0
2.0
1
Z
<
1.
o
I~
£ os] @ Experimental simple shear
== Simulation (Inverse calibration)
0.0 . . . . -
0.0 05 1.0 15 20 25 3.0
6
~
= 4_%
&
© o=
© )
o 21 O Experimental
w == Simulation Uniaxial tension
o (Validation)
0 1 2 3 4 5

Displacement (mm)
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the thinning phenomenon is more accurately captured. However, it should be
noted that the current simulation can still not perfectly reproduce the experi-
mental observation — the thickness reduction to zero. To improve the prediction
of the localized necking behavior, one potentially effective way is to introduce
a more advanced form of the hardening curve, for example combining the Voce
law with the Swift law [48], [57]. One difficulty for the simulation is the compu-
tational instability problem caused by the strong localized necking when all the
incremental deformation localizes in only one or two elements. Classical neck-
ing theories [59, [60] can be helpful for modeling this type of perfectly ductile
fracture phenomenon. This is a potential continuation of the present study in
the near future.

Although all the tests in this study were performed under the same loading
speed, considering the rate-dependence in the constitutive model is necessary for
numerical simulations. To visualize its effect, a simulation is performed using a
rate-independent anisotropic model. The result is also shown in ) The force-
displacement prediction turns out to drop rapidly after necking occurs. This
is because severe strain localization happens in the test. As a result, the local
strain rate can reach as much as over three times of the global averaged strain
rate, in all the four tensile tests. In the case of notched tension during localized
necking, it is found in the simulations that the deformation are localized in
only one row of elements. The local strain rate is thus about ten times of
the nominal strain rate calculated by dividing the loading speed with gauge
length. Neglecting the rate dependence will not only under-estimate the overall
strength but also result in a more severe necking phenomenon. It is found that
the thickness reduces to almost zero at a displacement of 0.8 mm, as shown in
Figure )7 which does not agree with the experimental observation.

From these comparisons, it is clear that the overall plastic deformation is a
combined result of small strain hardening, significant rate-strengthening, and
strong through-thickness anisotropy. The small strain hardening leads to severe
strain localization, resulting in a high local strain rate. The significant rate-

strengthening increases the strength of the material in the localization zone, thus
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Figure 8: a) Initial yield surface plotted in the principal stress coordinates (plane stress
condition); b) Comparison of notched R10 simulations with different models showing the

importance of considering anisotropy and strain-rate dependence.

preventing localization from developing. These two effects compete with each
other, and the overall mechancial behavior of pure lithium is on the equilibrium
point of the competition. The strong through-thickness anisotropy causes the
more severe thickness reduction than width reduction when subject to tensile

loads.

5. Discussion

5.1. Deformation sequence in tensile tests

The deformation sequence of the lithium specimen during simple shear is
illustrated in Figure E}a) Similarly, the deformation and fracture mechanisms
for the other tensile tests are shown in Figure @o) During deformation, two
active slip systems and cross-slip are observed in some grains. The original
grains deform excessively until a thickness of zero is reached. In addition to
these deformation mechanisms, the strain softening at large deformations can
be explained through dynamic recrystallization below the natural passivation

layer in the severely deformed grains. Dynamic recrystallization was observed
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Figure 9: Graphical summary of the deformation and fracture mechanisms for a) simple shear

and b) the remaining tensile tests.

in lithium at room temperature before [40] and is known to lead to a softening
effect [61]. Fracture initiation occurs in the center of the specimen. The crack
w5 is slowly propagated to the edges of the specimen resulting in a fracture surface
in the form of a line. Macroscopically, the phenomenon is a long diffuse necking

stage followed by severe localized necking.

5.2. Length scale

In this study, the characteristic length of all the specimens is around 1.5 mm

w0 to bmm, which is about 10-30 grains. From the point of view of the global

deformation, this length scale falls outside the “meso-scale gap” that needs to

be bridged. However, with the help of DIC measurement, SEM microstructural

examination, as well as numerical simulations, deep insights into the strain

localization phenomenon were possible. It was observed that during necking,

s the deformation localizes in several grains. Hence, the investigated length scale
is around 150 pm to 1 mm, which falls in the meso-scale range.

In order to review the above presented results, a smaller specimen was tested

in-situ in an SEM. Two advantages of such a test are that the deformation se-
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Figure 10: In-situ notched tension test under SEM. a-d) Deformation sequence: original,
0.25 mm, 0.5 mm, and fracture. Scale bar: 500 pm. e) Side view of the fracture configuration.

Scale bar: 1 mm.

quence can be seen clearly and that the specimen is protected from environ-
mental influences during the test. The results are shown in Figure [I0] and the
conclusions that can be drawn from the in-situ test agree very well with the
already discussed post-mortem examinations. For example, a wavy surface was
clearly observed before fracture and the side view in Figure ) shows again
that the fracture plane is reduced to a line, which is a clear signal of perfect
ductility.

The in-situ tensile test was helpful to understand the deformation sequence,
but its further usage for stress analysis was challenged by the precision of the
force measurement. Because of the small-sized specimen and the softness of

pure lithium, the force was less than 1 N. The use of a conventional load cell
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resulted in prominent data oscillation. Besides, the exposition of the specimen
to air during the specimen transfer into the SEM resulted in obvious reaction
products especially on the edges of the specimen. Therefore, this type of test

did not meet our demand for plasticity modeling.

5.8. Comparison with existing data

As already mentioned in Section the forces measured in the above de-
scribed experiments turned out to be larger than what was expected from liter-
ature values. After a careful validation of the testing process including a test of
the precision of the load cell, the influence of the color spray used to apply the
speckling pattern for DIC, the influence of the heat affected zone caused by the
laser cutting, and the sealing properties of the plastic bag, it was found that the
testing process is not the source of the divergence from literature values. In-
stead, the material properties of the as-received lithium differ from those of the
lithium used by other researchers. The uniaxial tension test has been repeated
with 370 pm thick lithium foil from MTT Corporation. The result of this tensile
test perfectly coincides with the results in the literature [19] [38].

Although the exact reason for the changed material properties remains un-
clear, an inquiry at Alfa Aesar yielded the result that the lithium used for this
work had been supplied from another country than before. It can therefore be
concluded that this particular lithium must have received a different treatment
by the supplier during the manufacturing leading to changed material proper-
ties. Possible reasons include another heat treatment, a changed composition of
impurities, a differently composed or thicker natural passivation layer or finally
a different preferential orientation of the crystals. A thick passivation layer
would also explain why the experiments could be conducted in air: it leads to

a reliable long-term protection of the specimen.

5.4. Implications for lithium in battery applications

The contribution of this work is to elucidate the behavior of pure lithium at

large deformation and in particular during fracture. This knowledge is of great
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importance for an improved battery safety. It was found that lithium can resist
large deformation and fractures in a perfectly ductile manner without a sharp
force drop. Fracture is preceded by significant necking. Therefore, a lithium-
metal anode firstly only fractures after very large deformation and secondly
does not fracture abruptly. Only from a mechanical point of view, acciden-
tally deformed lithium-metal batteries are thus safer than regular lithium-ion
batteries.

There is a recent trend of developing flexible batteries where lithium-metal
anodes with various manufacturing techniques are considered as a potential
candidate. The high ductility of pure lithium makes it promising. However,
before that, important mechanical features such as cyclic response, fatigue, and

creep should be investigated more deeply.

6. Conclusion

In order to significantly improve the understanding of the large-deformation
mechanisms in pure lithium, a systematic experimental and theoretical study
following an established testing method was conducted. The tensile test speci-
mens were manufactured by laser cutting in argon. For this purpose, a simple
but effective sealed chamber consisting only of glass microscope slides and a
rubber o-ring has been developed. By employing this chamber, the used laser
cutter does not need to be placed in a glovebox.

After having proven that a short exposition to air does not affect the me-
chanical properties of lithium, tensile tests at five different stress states were
conducted and the specimens were examined post mortem in an SEM. The de-
formation mechanisms include cross-slip which results in the observation of wavy
slip lines. Furthermore, dynamic recrystallization leads to a significant strain
softening during the experiments. Due to the absence of impurities, fracture
occurs in a perfectly ductile way after significant necking. No fast crack propa-
gation or dimples were observed at the fracture surface. The highly anisotropic

behavior indicated by a low plastic strain ratio is an alternative explanation for
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the reduction of the specimen thickness to a line.

The lithium foils were modeled as a transversely isotropic material by the
Hill48 yield function. The through-thickness anisotropy was described by the
Lankford r-value, and the unknown parameters of the model, particularly the
hardening law, were obtained through an inverse method by matching the nu-
merical simulation results to the experimental force-displacement curves. At
the same time, the rate-dependence was characterized by a power law that was
reported in open literature. The prediction of the model agreed very well with
the tests. It is found that the overall plastic deformation is a combined result
of small strain hardening, significant rate-strengthening, and strong through-
thickness anisotropy. There is a competition between the development of strain
localization (necking) and the strain rate strengthening of the local necking
zone. The present study emphasizes the importance of taking all these three
effects into consideration when characterizing the mechanical behavior of pure
lithium. It is believed that the data, findings, and model developed in this study

will shed light on the development of next-generation batteries.
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