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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, most of the available data focuses either on nano- and
micro-scale single-crystalline lithium or on macro-scale bulk material. Second, those tests were com-
monly performed via uniaxial tests in which the stress states were simple or nanoindentation. 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 charac-
teristics. Based on these experimental and computational findings, the added value on the understanding
of the deformation and failure mechanisms of lithium under various stress states and a first quantita-
tive description on the plasticity anisotropy on lithium is provided. In order to manufacture the required
complex-shaped 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 microstruc-
tural 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 direction
although it is in-plane isotropic. By using a rate-dependent transverse isotropic model, a satisfactory pre-
diction of the five experiments is provided.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

into all-solid-state energy storage systems without the otherwise
necessary highly flammable liquid electrolyte. By the use of these

Since lithium-ion batteries are close to reaching the theoreti-
cal limit of their energy density, next-generation batteries are cur-
rently under development [1]. Replacing the porous graphite an-
ode 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
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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 bat-
tery is still a continued process. Existing prototype batteries us-
ing lithium-metal anodes suffer 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 pen-
etrate into the separator and potentially cause an electrical short
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circuit and the failure of the cell [4]. Several recent experimen-
tal 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 beneficial to suppressing the dendrite formation [5] and break-
ing lithium whiskers [6,7]. For lithium-metal ASSBs, one essential
issue hindering their commercialization is the loss of contact at
the interface between the solid electrolyte and the lithium foil [8].
Like the case of liquid-electrolyte lithium-metal cells, many exist-
ing studies in the open literature showed that applying an external
mechanical pressure on the battery could help to address this is-
sue, thus increasing the cycle performance by two to three folds
[9-11].

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.[13] extended this model by intro-
ducing an elasto-plasticity theory to describe the mechanical de-
formation of pure lithium. Recently, Zhang et al. [14,15] developed
a model of the lithium - solid electrolyte interface by considering
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 de-
formation 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] developed 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 commu-
nity who have seen the same trend in other materials [20]. Ex-
isting data that has been reported in the open literature focuses
either on micro-scale single crystalline lithium [21] or on macro-
scale bulk material [18,22-25]. Two recent studies [18,26] success-
fully 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 microm-
eters to about one millimeter - which corresponds to the thick-
ness of a lithium-metal anode. To the best knowledge of the au-
thors, only two studies have investigated this range. Fincher et al.
[19] carried out nanoindentation and tensile tests on a 150 pum-
thick pure lithium foil. Although the size of the tested lithium sam-
ples was still at the macro-scale, the indentation depth and the
plastic deformation zone were around 10 pm, falling in the meso-
scale range. Herbert et al. [27] performed nanoindentation tests on
5 and 18 pm-thick pure lithium films to measure the elastic mod-
ulus.

Another limitation of the available experimental data on pure
lithium is that the investigated stress states were relatively sim-
ple and usually did not cover large deformation to fracture. As a
result, most of the existing studies were focused on the basic lin-
ear elasticity and uniaxial plasticity parameters. Much work was
done on the description of the elastic properties of lithium includ-
ing the Young’s modulus and the yield stress. The Young’s mod-
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ulus was measured in mechanical tests including uniaxial tensile
tests [22], compression or upsetting tests [18,23], bending [24],
nano-indentation [19,27,28] and flat punch indentation [25] as well
as with acoustic or vibration methods [29,30]. Further indenta-
tion tests where the objective was other than to determine the
Young’s modulus were conducted [31,32]. Despite the large num-
ber of different methods, it can be agreed on an approximate
Young’s modulus of E ~ 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 [19,22,29,35-37] and compression tests
[18,21,23]. 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 € =5 x 107> s~1 is
oy =0.71 MPa [19]. The creep properties of lithium were studied
in tension [29,38] and compression [29,39]. Due to its low melt-
ing point, lithium presents significant creep even at room tempera-
ture. From the creep experiments and the before mentioned tensile
tests, the strain rate dependence was quantified with a stress ex-
ponent 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 afore-
mentioned gaps by performing large-deformation tests on pure
lithium samples under multi-axial stress states and by character-
izing the measured mechanical behavior. Three main challenges
could be identified. First, the currently widely-used sample prepa-
ration techniques - razor blade and die cutting [19,22,38] - cannot
produce 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 sample 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 avail-
able in a glovebox. Last, pure lithium was reported to be one of
the softest metallic materials with 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] circum-
vented 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 cam-
eras for digital image correlation (DIC) on a small range for calcu-
lating 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 conventional speckle-field-based DIC method with
an average speckle size of 0.2mm is usually not reliable enough to
process the local strain field when the deformation is extremely
large unless a fine speckle field around 0.01mm 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 publi-
cations. 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 simu-
lation result to the experimental data.
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Fig. 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 cut-
ting.

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 sur-
face 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 microstructure of the as-received foil used for this
work is presented in Fig. 1a) and was qualitatively compared to the
microstructure of the lithium used by other researchers [19,38]. It
was found that the grain size, the grain shape and the surface qual-
ity agree with their microstructure. In addition to the qualitative
comparison, several SEM graphs taken at different positions of the
sample with in total about 500 grains were used for a quantitative
grain size analysis. To overcome the influences of the scratches on
the sample surface, a cleaning procedure was conducted with soft-
ware Image]J to recognize the clear grain boundaries. The identified
grains show a clear log-normal grain size distribution. The average
grain size was found to be 107 pm with a standard deviation of 49
pm by using the fitting procedure and equations shown in a previ-
ous study [42]. It was furthermore noticed that the surface of the
as-received lithium was covered with a natural passivation layer.
From previous studies it is known that this layer is composed of
Li;CO5, LiOH and Li,O [43,44]. The lithium was handled in an Ar-
filled glovebox with less than 0.1 ppm water and less than 1ppm
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Fig. 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.

oxygen. Unless otherwise stated, all tensile tests were conducted at
a displacement rate of Al = 2.4 mm min~! which corresponds for
the uniaxial tension test to a strain rate of § =4 x 107> s=!. An In-
stron 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 au-
tomatable 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 pym
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
[45]. 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. A 20 W 1064
nm Electrox Scorpion G2 laser cutter, which for this method is not
necessary to be placed in a glovebox, was used. Some of the advan-
tages of laser cutting over the use of a die even for simple geome-
tries 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.

For SEM imaging, a Zeiss Merlin Gemini 2, a Tescan Mira 3 and
a JEOL 6610LV were used. The specimens were transferred to the
SEM as quickly as possible, resulting in an air exposure of a few
seconds. The edge after laser cutting and the heat affected zone
are shown in Fig. 1b). 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 spec-
imen dimensions. Furthermore, reference tests with uniaxial ten-
sion specimens manufactured with a knife were conducted in or-
der to ensure that the laser cutting does not influence the mechan-
ical properties of the so manufactured specimens. The test results
did not show any influence of the heat affected zone, more de-
tail can be found in the Supporting Information. In addition to the
small heat affected zone, the edge was found to be of high quality.
In the uniaxial tension and the notched tension specimens, frac-
ture initiation was repeatedly observed to be in the center (i.e. on
the symmetry axis) of the specimen - not at the edges.

A simple sealed chamber in which the lithium was kept dur-
ing the cutting process was developed and is shown schematically
in Fig. 2. The chamber is composed of two transparent glass mi-
croscope 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
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Fig. 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.

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 re-
leasing 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 cut-
ting 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 specimen preparation. It was
found that the thin foil could be cut easily and that the speci-
men detached nearly automatically from the remaining surround-
ing 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 ge-
ometry could be manufactured, it is recommended to use a thinner
foil for smaller specimens or specimens with very complex geom-
etry.

Five different specimen geometries were manufactured in order
to conduct tests at five different stress states. The specimen ge-
ometry follows closely the geometry of a previously developed set
of specimens [46,47] 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 Fig. 3.

2.3. Testing procedure in argon atmosphere

A glovebox is a very common choice for performing mechani-
cal tests on pure lithium, but it usually comes with much incon-

venience in sample installation, test operation, and post-mortem
examination. An alternative method was proposed by the authors’
team in a previous study [48]. The method consists in conduct-
ing the tensile tests in an argon filled Ziploc plastic bag while en-
suring that the plastic bag does not influence the result. For this
purpose, the specimen 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 specimen and
the plastic bag are clamped together into the tensile tester making
sure that the plastic bag can move freely around the specimen. In
this way, the plastic bag is not stretched during the tensile test,
it “unfolds” without contributing to the stiffness of the specimen.
To prevent slip between the clamp, the plastic bag, and the spec-
imen, the clamps need to be closed tightly but carefully to mini-
mize buckling of the specimen. All tests were conducted in a nor-
mal lab-environment at room temperature.

A uniaxial tension specimen shortly after fracture initiation is
shown in Fig. 4a). It can be observed that the newly formed frac-
ture surface, consisting of pure lithium, remained shiny silver in
the argon filled plastic bag which indicates clearly that minimal
changes occur from chemical reactions at the time scale of a ten-
sile 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 proce-
dure 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 dis-
placement 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. The average size of the speckles was around
0.2mm. Unless otherwise mentioned, the commercial software VIC-
2D was used. The local strain field near the most critical cross-
section was also processed for each type of the tests and shown as
videos in the Supplementary Information. It can be seen that due
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Fig. 4. a) Fracture initiation at a uniaxial tension specimen during a test in an argon filled Ziploc plastic bag; b) Uniaxial tension tests at different times of air exposure
before tensile testing; c) Microstructure after a few seconds of air exposure, two isolated particles are exemplary encircled; d) Microstructure after 5min of air exposure,

four dashed lines show the beginning network formation.

to the large ductility of pure lithium, the speckle pattern is greatly
distorted at the end of the test, and it is difficult to process the
local strain from DIC. This observation justifies the motivation of
this study of developing a large-deformation plasticity model and
obtaining important information of the deformation from numeri-
cal simulations.

By comparing the result from the reference test and the spec-
imen which was tested in air, it can be shown that a short expo-
sure to air before and during the test does not influence the result.
As shown in Fig. 4b), tests after different time intervals of oxida-
tion 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 1min and 10min, the difference to the ref-
erence test in argon is negligible. After 60min 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 plot furthermore shows that the contribution of the
plastic bag to the stiffness of the specimen is not measurable: the
test corresponding to the curve “O min” was conducted in a plas-
tic bag whereas the test corresponding to the curve “1 min” was
conducted without a plastic bag.

The increased strength of the oxidized specimen can be ex-
plained when 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 Fig. 4c). Since these isolated particles merely stick
to the surface without being linked to each other, they do not con-
tribute to the stiffness of the specimen and hence do not change
the mechanical behavior of the material. From Fig. 4d) it can be
seen that with increasing oxidation time, the reaction products
start to be linked to each other and form a network that strength-
ens the specimen. The start of this network formation is highly de-
pendent on the atmosphere and especially on the humidity. There-

fore a precise time of air exposure after which this network for-
mation is sufficiently developed to influence the test results can
not be determined. Furthermore, a network formation on the sam-
ple surface is visible before a change in the stress-strain curve can
be observed. This is due to the fact that even though the surface
of the sample is beginning to be oxidized, the inner material is
not and continues to deliver the mechanical behavior of an unox-
idized sample. 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
3.1. Test results

Each experiment was conducted at least three times with DIC
measurements, videos of the tests can be found in the Supporting
Information. The results are shown in Fig. 5a)-e). It can be seen
that all the four tensile-type tests present a very good repeatabil-
ity. Only for the simple shear specimen, some fluctuation in the
results can be observed which is due to the small size and com-
plex geometry of the specimen. In the force-displacement curves,
the displacement was calculated using DIC in the gauge section
marked by two points in Fig. 3. 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, Fig. 5a), confirms that lithium is an
extremely ductile material with early diffuse necking (at a nomi-
nal 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 values
[19,38] (about 0.8 MPa). This is further discussed in Section 5.3. A
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Fig. 5. Force-displacement plots: a) Uniaxial tension specimen; b) Central hole specimen; c) Notched (R10) specimen; d) Notched (R5) specimen; e) Simple shear specimen;
f) Measured strain in width direction and calculated strain in thickness direction during the uniaxial tension tests.

nominal fracture strain of about 70% observed. Localized necking
can sometimes be observed at multiple locations in a single spec-
imen. 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 diffi-
cult and potentially imprecise DIC measurement.

The fracture displacement decreases when notched specimens
are tested and decreases with decreasing notch radius, see Fig. 5¢)
and Fig. 5d). This can be explained by the increasingly triaxial
stress state. While in the case of a uniaxial tension test, the speci-
men always fails at its weakest point - for example a material im-
perfection - the notched specimens fracture between the notches.
The weakest point in a material sense may not be between the
notches, resulting in a higher measured strength.

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

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 stud-
ies on various sheet metals [49,50]. As a result of the absence
of thickness reduction, the measured force should keep increas-

ing. This expectation was observed in the simple shear tests of
pure lithium - the force did not drop until a large displacement
of around 2.5 mm. It is worth noting that this increasing force is a
combined effect of three possible effects, which are strain hard-
ening, 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 por-
tion causes a small amount of necking. Despite the small gauge
section (around 1.55 mm) in the shear specimen, a very large frac-
ture displacement can be observed. No fracture initiation or prop-
agation was observed during the shear tests. The plot in Fig. 5e)
hence contains data until the complete separation of the two spec-
imen parts.

Although the fracture surfaces for the uniaxial tension, the cen-
tral hole and the notched specimens show a very similar appear-
ance 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
until the complete separation of the two parts of the specimen was
reached. Lithium shows a perfectly ductile behavior, fracture oc-
curs after localized necking until a specimen thickness of zero is
reached, and the two specimen parts separate smoothly without a
sharp force drop after slow crack propagation. An exemplary stress
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Fig. 6. a) Two active slip systems; b) Wavy slip lines due to cross slip; c) Stress concentration at crack tip, the crack tip is marked with an arrow; d) Fracture surface reduced

to a horizontal line and a representative magnified area.

strain curve which also covers the fracture process and shows the
smooth force drop can be found in Fig. 4b).

While the above mentioned specimens fracture in a line, the
simple shear specimen fractures in a single point. The highly de-
formed shear section can clearly be seen in Fig. 5e). With ongo-
ing 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 behavior 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 [48,51], the fracture
of lithium-metal anodes occurs smoothly at much larger deforma-
tions 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 ob-
served after deformation as it is shown in Fig. 6a). Moreover, fol-
lowing the large deformation of the lithium, the cracked surface
layer could be noticed.

In addition to regular straight slip lines, wavy slip lines were of-
ten observed after deformation and can be found in Fig. 6b). These
are a result of cross-slip and can also be found in other metals at
high temperature [52]. Since the melting point of lithium is low,
it is not surprising to observe this phenomenon already at room
temperature.

After fracture initiation, a highly deformed area could be ob-
served at the crack tip. This can be seen in Fig. 6¢) 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 Fig. 6d), a detailed view of the fracture surface is shown. No
dimples could be observed on the fracture surface. This can be ex-
plained 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 cen-
ter 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 [52].

An alternative explanation for the perfectly ductile fracture be-
havior is the high homologous temperature during the experi-
ments. 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 local-
ized necking.

3.3. Anisotropy

The anisotropy of polycrystalline lithium foils has not been suf-
ficiently discussed 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 assumption by comparing
the stress-strain curves in the rolling direction and transverse di-
rection, which turned out to be identical. Furthermore, the crys-
tallographic 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 direc-
tion has not been investigated quantitatively. Usually, sheet metals
manufactured through rolling such as aluminum alloy and high-
strength steels have severe anisotropy [49,53]. Here the anisotropy
of the studied lithium foil is investigated by calculating the plas-
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tic strain ratio (also known as the Lankford r-value) of the uniaxial
tension specimen, which is defined by

Ew
= (1)

where ¢y, is the true plastic width strain and &; is the true plastic
thickness strain. Based on the assumption that the plastic defor-
mation is isochoric, the alternative formulation
—&
r= -, (2)
Ew + 81

where ¢, is the true plastic length strain can be used [54], hence
& = —(éw + €). The automatic method described in ISO 10113
[54] was applied with a Young’s modulus of 7.8 GPa and a Pois-
son’s ratio of 0.381 [29]. Using virtual extensometers 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
thickness direction can be calculated. For this analysis, the soft-
wares Ncorr [55] and Ncorr_post [56] were used.

The results of this analysis are presented in Fig. 5f) which
shows a much larger strain in thickness direction than in width di-
rection. 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 un-
derestimated. The large strain in thickness direction is experimen-
tally 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.

4. Modeling
4.1. Constitutive model
Here the transversely-isotropic form of the quadratic yield func-

tion proposed by Hill in 1948 [57] that is being widely used in the
metal forming community is adopted,
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Table 1
Parameters for the Hill48 yield surface of the studied
lithium foil.

F(-) G(-) H() L(-) M() N()
0.879 0879 0121 1500 1500 1.992

Table 2

Parameters for the hardening behavior and
the strain rate effect of the studied lithium
foil.

oo (MPa) o (MPa) B (=) n(-)

1.024 1.389 2227 6.55

where §fef is the reference plastic strain rate, in this study set at
0.005 s~1. As a result, &, is the hardening curve obtained under
this strain rate.

It is worth noting that the model presented in this study agrees
very well with Anand and Narayan [16,17]. The differences lie
in three aspects. 1) The 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 decom-
position of the total strain is used, i.e. € = €e + €p, while the mul-
tiplicative decomposition of the deformation gradient was used in
Anand model, i.e. F=FcFp. 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 o3
and 0,3, L and M are both assumed to be 1.5, which reduces to
the isotropic model. In addition, following the conclusion by LeP-

f= \/F(ozz —033)> + G(033 — on1)* + H(on — 022)* +2 Lo, + 2 Mo, + 2 Nof, — 6, (&P, £7) =0, (3)

where F, G, H, L, M, and N are the six parameters to be calibrated,
o;; are the stress components, and 6y is the flow stress as a func-

tion of the equivalent plastic strain £P and its rate 2", also known
as the rate-dependent hardening curve. For simplicity, the multi-
plicative decomposition strategy is used here.

Gy = Grer(87) f(£7), (4)
where 0. 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 promi-

nent. Therefore the Voce law is used to capture its hardening be-
havior,

Oret = 00 + (0sat — 00) (1 — exp(—B£&P)), (5)

where oy is the first yield stress, o, is the saturation stress, and 8
is the parameter that controls the responding speed to reach satu-
ration.

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

. g\ "
f(é”)=<; ) | ©)

age 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 F = 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 o7, and shear o7,.
The rate-dependence parameter is obtained from existing publica-
tions, n = 6.55 [19,38].

To calibrate the remaining four unknown parameters, N, oy,
osat, and B, an inverse method was performed by running simu-
lations of the tests and optimizing the parameters to achieve the
best predictions of the force-displacement curves. The details of
the inverse method can be found in [49,58,59]. Because uniaxial
tension specimens usually come with imperfections on the edge,
making 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 calibra-
tion, and the values of all the parameters are listed in Table 1
and Table 2. All the numerical simulations were carried out in
Abaqus/Standard with a local mesh size of 75 pm, which guaran-
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Fig. 7. Simulation results of the five tests. Note that uniaxial tension test has a dif-
ferent scale for the x-axis because of the long elongation.

tees a number of ten elements through the thickness. The displace-
ment rate used in the simulations was taken from the experiments
in order to study the effect of the strain rate. After the calibra-
tion 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 Fig. 7, where a good agree-
ment 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 Fig. 8a) 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 ob-
served 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 direc-
tion. 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 Fig. 8b). 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, the thin-
ning phenomenon is more accurately captured. However, it should
be noted that the current simulation can still not perfectly repro-
duce the experimental 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
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of the hardening curve, for example combining the Voce law with
the Swift law [49,58]. One difficulty for the simulation is the com-
putational instability problem caused by the strong localized neck-
ing when all the incremental deformation localizes in only one or
two elements. Classical necking theories [60,61] 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 con-
stitutive model is necessary for numerical simulations. To visual-
ize its effect, a simulation is performed using a rate-independent
anisotropic model. The result is also shown in Fig. 8b). The force-
displacement prediction turns out to drop rapidly after necking oc-
curs. 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 se-
vere necking phenomenon. It is found that the thickness reduces
to almost zero at a displacement of 0.8 mm, as shown in Fig. 8b),
which does not agree with the experimental observation.

From these comparisons, it is clear that the overall plastic de-
formation is a combined result of small strain hardening, signif-
icant rate-strengthening, and strong through-thickness anisotropy.
The small strain hardening leads to severe strain localization, re-
sulting in a high local strain rate. The significant rate-strengthening
increases the strength of the material in the localization zone, thus
preventing localization from developing. These two effects com-
pete 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 re-
duction 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 sim-
ple shear is illustrated in Fig. 9a). Similarly, the deformation and
fracture mechanisms for the other tensile tests are shown in
Fig. 9b). During deformation, two active slip systems and cross-
slip are observed in some grains. The original grains deform exces-
sively until a thickness of zero is reached. In addition to these de-
formation mechanisms, the strain softening at large deformations
can be explained through dynamic recrystallization below the nat-
ural passivation layer in the severely deformed grains. Dynamic re-
crystallization was observed in lithium at room temperature before
[40] and is known to lead to a softening effect [62]. Fracture initia-
tion occurs in the center of the specimen. The crack is slowly prop-
agated 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 to 5 mm, which is about 10-30 grains. From the
point of view of the global deformation, this length scale falls out-
side 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 lo-
calization phenomenon were possible. It was observed that during
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Fig. 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.
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necking, the deformation localizes in several grains. Hence, the in-
vestigated length scale is around 150 pm to 1mm, which falls in
the meso-scale range.

In order to review the above presented results, a smaller spec-
imen was tested in-situ in an SEM. Two advantages of such a test
are that the deformation sequence can be seen clearly and that
the specimen is protected from environmental influences during
the test. A video of the in-situ test can be found in the Supporting
Information 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 Fig. 10 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 deforma-
tion sequence, but its further usage for stress analysis was chal-
lenged 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 resulted
in prominent data oscillation. Besides, the long exposition of the
specimen to air during the specimen installation in the in-situ ten-
sile tester and the following transfer into the SEM resulted in ob-
vious reaction products especially on the edges of the specimen.

Fracture initiation
in the center

10

Two active
slip systems

Severely

deformed grains Frelctars

line

Fig. 10. In-situ notched tension test under SEM: side view of the fracture configu-
ration..

Therefore, this type of test did not meet our demand for plasticity
modeling.

5.3. Comparison with existing data

As already mentioned in Section 3.1, the forces measured in the
above described experiments turned out to be larger than what
was expected from literature 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
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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. Instead, the material properties of the as-received
lithium differ from those of the lithium used by other researchers.
The tests were repeated with 370 pm thick lithium foil from MTI
Corporation. The result of the uniaxial tensile test coincides with
the results in the literature [19,38]. More details can be found in
the Supporting Information.

Although the exact reason for the changed material properties
remains unclear, an inquiry at Alfa Aesar yielded the result that the
lithium used for this work had been supplied from another coun-
try 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 properties.
Possible reasons include another heat treatment, a changed com-
position 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 frac-
ture. This knowledge is of great importance for an improved bat-
tery safety. It was found that lithium can resist large deforma-
tion 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 defor-
mation and secondly does not fracture abruptly. Only from a me-
chanical point of view, accidentally deformed lithium-metal bat-
teries 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.

This work also sheds light on the manufacturing of lithium-
metal batteries, particularly on the aforementioned effect of the
stack pressure [15]. It is revealed that the tested pure lithium foil
has a significant plastic anisotropy in the through-thickness direc-
tion - the through-thickness strength is just about 75.4% that in
the in-plane direction. When characterizing the stack pressure ef-
fect, neglecting this anisotropy will overestimate the strength of
the anode and cause error. It is worth noting that the lithium sam-
ples in this study were subject to tensile loads during the tests, in-
stead of compression. Polycrystalline sheet metals usually exhibit
a degree of tension-compression asymmetry [59]. This asymme-
try existing in pure lithium was examined in the experiments of
bulk material reported by Masias et al. [29]. However, the degree of
asymmetry turned out to be small. It should also be noted that the
plastic anisotropy may be changed by the cyclic loads during the
charge-discharge operation of the battery. Because this procedure
involves complex electro-chemo-mechanical mechanisms including
ion transport, reaction, and creeping, it is difficult to draw a con-
clusion about the trend of the anisotropy change from the current
results of the present paper. More experimental data is needed.

The large-deformation plasticity characterization enables the
further investigation of the ductile fracture locus of pure lithium
at the meso-scale, i.e. the plastic strain at the failure moment as
a function of the stress state. Because of the extremely large duc-
tility, it is almost impossible to directly obtain the value of plas-
tic strain from experiments, and a more realistic way is to iden-
tify this value from numerical simulations. This type of hybrid

1
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experimental-numerical approach has achieved remarkable success
on high strength steels and aluminum alloys [46,47,49,58]. How-
ever, the accuracy of this approach heavily depends on a high-
fidelity characterization of the large-deformation plastic behavior.
The present work focused on the diffusive necking stage. To turn
the results into a fracture locus, the characterization of the subse-
quent localized necking stage should be further improved.

6. Conclusion

In order to significantly improve the understanding of the large-
deformation mechanisms in pure lithium, a systematic experimen-
tal and theoretical study following an established testing method
was conducted. The tensile test specimens 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 af-
fect the mechanical properties of lithium, tensile tests at five dif-
ferent stress states were conducted and the specimens were ex-
amined post mortem in an SEM. The deformation mechanisms in-
clude 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 impu-
rities, fracture occurs in a perfectly ductile way after significant
necking. No fast crack propagation or dimples were observed at
the fracture surface. The highly anisotropic behavior indicated by a
low plastic strain ratio is an alternative explanation for the reduc-
tion 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 un-
known 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 character-
ized 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 empha-
sizes the importance of taking all these three effects into consider-
ation 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 bat-
teries.
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