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Abstract

Lithium metal rechargeable batteries have great potential for higher energy den-
sity storage systems. Current configurations of all solid-state and anode-free
cells depend on significant internal mechanical pressure (typically 0.5 - 1 MPa)
to reduce interfacial resistance and suppress lithium dendrite formation. Me-
chanical stack pressure can increase over time and with use as cell components
degrade. Lithium is soft at room temperature and may not be physically strong
enough to support the required stack pressures in standard lithium-ion operat-
ing conditions. Compressive creep deformation of low aspect ratio lithium metal
foils was measured in hermetically sealed, rigid but flexible cells at temperatures
between 30 - 60°C and applied pressures between 0.6 - 3.6 MPa. Creep rates
were typically on the order of a few yum h™!, depending on pressure, temper-
ature, lithium thickness, and grain size. While difficult to notice during fast
cycling these creep rates could have a pronounced effect during storage or prac-
tical use. Results suggest that pure lithium may not be strong enough for use in
high energy density all solid-state devices, and that alternatives (e.g. lithium-
rich alloys) should be considered.

Keywords: Creep deformation, lithium, solid-state batteries, anode-free

batteries

1. Introduction

Lithium-ion batteries dominate the market for portable, rechargeable energy
storage due to their high power and energy density, long cycle life, and low cap-
ital costs.[1, 2, 3] Lithium metal is receiving significant research attention as
a potential next generation negative electrode material because it can offer a
~ 50% increase in cell energy density compared to conventional graphite.[4, 5]
There are, however, a number of challenges associated with lithium metal elec-
trodes due to its mechanical and chemical properties, leading to low coulombic

efficiencies, short cycle life, and safety issues in all solid-state and anode-free



cells.[6, 7] For example, stripping lithium at high current densities can lead
to void formation in the electrodes.[8] Subsequent plating then results in den-
drite formation and growth during cycling, which will deplete lithium and even
penetrate through the electrolyte, causing cell failure.[8, 9, 10]

Routes to inhibiting dendrite formation include textured current collectors,[11]
protective layers,[12, 13] additives to liquid electrolytes,[14] and applied me-
chanical pressure.[15, 16] Mechanically stiff solid state electrolytes were the-
orized to be effective at preventing dendrite propagation.[17] Recent work has
demonstrated that (soft) lithium can penetrate through stiff polymer and nearly
defect-free crystalline electrolytes.[18, 19, 20] Applied mechanical stack pres-
sure is necessary to not only ensure proper contact at the lithium - electrolyte
interface,[21, 22, 23] but also to suppress void formation through beneficial
creep.[8, 24, 25, 26] While beneficial creep is important, detrimental creep could,
in extreme cases (which we show here are actually standard conditions), lead to
lithium extrusion around the electrolyte and separator, and shorting of the cell.

Creep deformation is highly dependent on homologous temperature and pres-
sure. Lithium metal has a relatively low melting point (181°C) / high homolo-
gous temperature which should result in substantial lithium creep deformation
near room temperature.[27, 28, 29] Commercial Li-ion cells are now required
to withstand use and storage at temperatures approaching 60°C. Other niche
applications, such as medical devices, must be able to withstand 120°C; many
other high value applications require even higher temperatures.[30]

LePage et al. investigated tensile creep behaviour of lithium foil cut outs.[31]
They concluded that creep by dislocation glide has a power law relationship with
pressure and temperature. Masias et al. quantified the compressive and tensile
creep behaviour of bulk samples of lithium and found similar results to that of
LePage.[32] Masias et al. used lithium rods with a diameter of 12.7 mm, and
aspect ratios (thickness:width) of 4:1 to 1:1 for compressive creep under a variety
of pressures. Li foil used in research cells is typically less than 1 mm thick with an
aspect ratio of < 0.1:1. Much thinner layers of lithium are utilized in commercial

cells, where 0.03 mm thick electroplated Li (aspect ratio < 0.001:1) is treated as



optimal for anode-free cell designs.[5, 14] Masias et al. identified aspect ratio,
which led to barreling, as a problem affecting surface area measurement and
thereby pressure determination. Aspect ratio may also affect yield strength -
bulk lithium yields at 0.4 - 1.2 MPa at ambient temperature,[33, 34, 35] whereas
micron-scale lithium pillars exhibited yield strength of up to 100 MPa.[36] Data
on the length scales of tens to hundreds of microns relevant for research and
commercial grade lithium metal cells is scarce.[35, 37]

Stack pressures required to ensure low resistance, stable electrode / elec-
trolyte interfaces for standard Li-ion cells are 0.4 - 1 MPa.[19, 21, 38] Cell stack
pressure can also increase over time with electrode and electrolyte breakdown
(e.g. from 0.8 to 1.2 MPa).[39] However, many studies use cell stack pressures
of ~10 [8, 40, 41] or many 10s of MPa.[22, 24, 42] Thus, more insight is needed
into the relevant operation pressure range of lithium-metal based batteries.

To the best of our knowledge the compressive creep behaviour of lithium
metal foils has not been reported and could differ substantially from that of
bulk lithium. Here, we report on the compressive creep of lithium foil at
commercially-relevant pressures and temperatures using a compressible but rigid
and fully sealed electrochemical cell, a mechanical force-displacement test sys-
tem, and optical windows for dynamic surface area and pressure measurement.
We found significant creep deformation rates that are highly dependent on
lithium aspect ratio, applied pressure, and temperature. The results presented
here suggest that special engineering solutions might be needed to prevent detri-

mental creep in all solid-state and alkali-metal batteries.

2. Experimental

Creep testing was performed by integrating a Conflat-style electrochemical
cell[43, 44] featuring welded bellows and an optical window with an Instron 5966
Universal Testing System (which measures / controls force and displacement,
and temperature). Creep rates were determined using time-dependent displace-
ment data after reaching a constant applied force. Although creep is in general

a three dimensional process, creep rates reported here only describe uniaxial
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Figure 1: a) Conflat-style cell with welded bellows that remains sealed while allowing for
vertical displacement. Individual flanges and the adapter are indicated. b) Side view of 0.33
mm thick lithium foil within a cell. ¢) End view of lithium within a cell (through a glass piston,
glass disk, and an optical viewport. d) Aligned bellows cell within the Instron temperature
control chamber. Components are indicated and described in the text.

strain parallel to the applied force. Applied forces were converted to pressures
by repeated imaging of the lithium surface area with a borescope. Details are

provided below.

2.1. Cell components and assembly

Conflat-style flanges produce ultra-high vacuum tight seals by impinging
knife edges into more compliant materials (e.g. copper gaskets). Here this en-
abled the study of lithium creep without any atmospheric reactions. Glass-
to-metal adapters enable electrical isolation of the flanges and bellows permit

compression of up to a few mm with minimal force and without compromising



adapter integrity. Double-ended glass-to-metal Conflat adapters with welded
bellows (Larson Electronic Glass, Redwood City, CA USA) were used as the key
structure of the assembled cell shown in Fig. 1a). Standard Conflat cell assem-
bly using solid steel flanges is described elsewhere.[44] Here, the bottom Conflat
flange was replaced with a Conflat double-ended adapter (purchased from AN-
Corp, Willston, FL. USA) and a Conflat glass viewport (Larson) for the purpose
of plan-view image capture. Internal components below the test sample were
replaced with a polished glass rod with frosted sides (JT OPTEC, Changchun,
Jilin China) directly beneath the lithium, and a glass disk (McMaster-Carr, Los
Angeles, CA USA) to transmit force from the rod to the steel rim of the Conflat
glass viewport. Each end of the glass piston was used only once to prevent
changes in surface roughness from influencing deformation rates. Internal stain-
less steel and glass alignment sleeves were used to ensure the top steel and lower
glass pistons were concentric within 0.5 mm. Piston alignment and the position
of the lithium foil are shown in Fig. 1b). A view of lithium foil incorporated
within the cell (through the glass rod, disk, and viewport) is provided as Fig.
1lc).

Test cells were assembled upright in an Ar-filled glove box maintained at <5
ppm H50 and Os, as described previously.[44] Prior to cell assembly, all internal
components were cleaned by rinsing with acetone and baked at 80°C for 10 hours
before being brought into the glove box. 13 mm Li disks were punched from 2.5,
1.0, or 0.33 mm thick battery-grade lithium foil (Albemarle, Kings Mountain,
NC USA), unless otherwise indicated. The lithium foil was lightly brushed prior
to cell assembly. The total height of the internal component stack was adjusted
by swapping out steel disks such that there would be a small gap between the
flanges and stack when the cell was tightened together during the assembly
process. This process ensured that no unwanted initial compressive force was
applied to the stack before testing. During testing, the bellows were compressed
by applying force to the flanges which make contact with the stack and compress
the lithium. Custom-made outer alignment sleeves were used during and after

cell assembly to ensure alignment of the top and bottom flanges during cell



transport (from the glovebox to Instron test system) and testing. The outer
glass alignment sleeve shown in Fig. 1d) also has holes for electrical connections
and to improve airflow around the test cell within the Instron temperature

control chamber.

2.2. Mechanical and optical measurements

Creep testing was performed by integrating the Conflat-style cell with an
Instron 5966 Universal Testing System with a temperature control chamber
(Instron model 3119-600) as shown in Fig. 1d). Instron software was used to
control the applied forces of up to 500 N along the axis of the Conflat cell
and measure the resulting displacement. Force resolution, based on published
specifications of our 10 kN load cell, is 0.5 % down to 10 N. Applied forces
varied by less than +1 N during the force holds. Day-to-day repeatability is on
the order of 5 N between 20 and 500 N. Displacement resolution is 0.025 mm
with a noise of +0.0015 mm. Forces were transmitted from the Instron anvils to
the Conflat cell using custom-machined anodized aluminum alignment blocks.
Force-displacement curves were collected on complete cells (without lithium) at
500 N at 50°C for 24 hours to verify that all creep can be attributed to the
lithium under test.

Test chamber temperature was programmed using a Eurotherm 3208 Con-
troller and verified using a resistance temperature detector. Nominal and actual
temperatures matched within 1°C; temperature stability was +0.5°C.

FEach test started with all components and instruments at room tempera-
ture. After incorporation within the anvils and temperature control chamber
the Instron extension and force were zeroed, and data collection started. Dis-
placement data was collected every 10 s. An initial force of 20 N was applied
for the first 2 h while the test chamber was brought to the desired temperature

at a rate of 1°C min~1!.

Thermal expansion of the entire test apparatus was
approximately 7 um °C~'. After holding at 20 N, the forces were increased to
each of 200 N, 300 N, 400 N, 500 N (to target 1 - 4 MPa) with 20 N min~—!

ramps between forces, and 20 hour holds at each force setpoint. One sample
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Figure 2: Compression vs. load data during the temperature equilibration (in this case at
40°C) and initial contact between the pistons and Li foil. Compression vs. time data during
the temperature equilibration is provided in the inset. Linear fits to the compression vs. load
data before and after contact are shown.

(indicated below) was cut to a diameter of 8 mm and held at forces of 100 N,
140 N, 180 N and 220 N to achieve similar pressures.

Cells were assembled such that there would be no compression of the lithium
prior to testing on the Instron system. Initial contact data is presented in Fig.
2. Three regions are apparent - thermal equilibrium during the first two hours,
compression of the cell bellows prior to contact with the lithium, and compres-
sion of the overall system. The bellows have a spring constant of approximately
40 N mm~!. All pressure and displacement measurements are relative to the
contact force and displacement of each sample as in Fig. 2. Additional pressure
corrections to account for significant compression of the bellows were included
where appropriate. Any following descriptions of force are nominal and used for
the sake of clarity.

A Depstech NTC86T 5.0 MP borescope was mounted directly under the cell
through a hole in the bottom alignment block. The lithium-to-lens working
distance was approximately 3 cm. Images were acquired every 10 min during

the approximately 84 h tests. Lithium areas were estimated from the borescope



images by manually comparing the area of the 18.5 mm dia. steel piston to the

area of the lithium foil. Area uncertainty is on the order of a few percent.

2.3. Grain size and texture determination

X-ray diffraction patterns were collected on as-supplied, annealed, and an-
nealed and compressed lithium foils using a Bruker D8 diffractometer equipped
with a copper micro source and a Vantec 500 area detector. Samples were trans-
ferred to the diffractometer using an encapsulation method described elsewhere. [45]
Grain sizes for the as-supplied and compressed foils were determined using the
~ method,[46] which relies on counting reflections from individual grains on an
area detector and comparing the number to the reference sample. A Si NIST
640d standard powder was used as a reference.

Texture measurements were performed on as-supplied foils using the same
diffractometer. ¢ scans with a step of 2° at four different ¢ angles in the
range from 0 to 80° scattering angle were collected, then merged using MAX3D
software[47] and individual pole figures for (110), (200) and (211) reflections of
lithium were exported. Orientation density function (ODF) plots were calcu-

lated from the pole figures using MTEX Matlab toolbox.[48]

3. Results and Discussion

Borescope images of an initially 2.5 mm thick, 13 mm dia. piece of Li foil are
provided in Fig. 3. Images are provided immediately prior to contact and after
5, 10, and 20 h at a constant nominal force of 200 N. Dark regions in the center
of the lithium are an artifact originating from sample lighting and were observed
in all borescope images; lithium extracted from compressed cells maintained its
colour but lost some of its lustre. Lithium also roughly retains its circular shape,
with some variations at the edge. The corresponding compression-time data is
presented in Fig. 4. Plastic deformation and (stage 1) creep are apparent in the
first five hours. Steady-state (stage 2) creep occurs after ~10 h; displacement is
nearly linear to 20 h. Creep deformation rates are shown in Fig. 4. Continued

creep deformation leads to increasing surface areas; with a constant applied



Figure 3: a-d) Borescope images of 2.5 mm thick Li foil after a) 0 b) 5 h ¢) 10 h and d) 20
h at 30°C and an applied force of 200 N. The initial circumference is superimposed on each
image with a white circle. e-f) Side view images of 2.5 mm thick Li e) before compression and
f) after 20 h at 200 N and 10 h at 300 N, at 30°C. Photographs were collected while the test
cell was in the e) lab and f) temperature control chamber.
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Figure 4: Compression vs. time curves for 2.5 mm thick Li foil. Linear fits to the last 10 hours
of data are shown. Creep (and strain) rates, nominal forces, and pressures at the beginning
and end of the force hold are indicated.

force of 200 N the applied pressure changes from 0.8 to 0.7 MPa during the last
10 h. Similar trends are observed during a subsequent constant applied force of
300 N.

Creep rates do not reflect the relative change in sample thickness. Strain
rates provided in Fig. 4 were calculated by dividing the creep rate by the sam-
ple thickness (nominal - compressed) 15 h in to each force hold. Attempts to
measure sample thickness with a precision micrometer were unsuccessful as the
micrometer clamping pressure caused the lithium to deform. Uncertainty in the
initial thickness is specified by the supplier as £0.01 mm. For both force holds,
the strain rate is approximately 4 x 10~3 hr~'. This is very substantial. Over
the course of a day, such a strain rate would lead to a nearly 10% change in
overall electrode thickness, and with moderate manufacturing tolerances, would
likely lead to lithium extrusion beyond the current collector and shorting of the
cell. Combined plastic and creep deformation reduced the lithium thickness ap-
proximately by half and doubled the area after less than two days at moderate
pressure (<1 MPa). Side view images of the Li foil prior to compression and 10

h in to the 300 N hold (30 h total in compression) are provided in Fig. 3e and f.
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Figure 5: Strain rates as a function of initial lithium thickness, temperature, and pressure.
Open and closed symbols represent the pressure after 10 and 20 hours at each force hold,
respectively.

Strain rates for 2.5 mm and 1.0 mm initial thickness lithium as a function
of pressure are shown in Fig. 5. Data from Fig. 4 is included for the sake
of comparison. In all cases the strain rate is substantial and implies a very
limited device lifetime at standard temperatures and pressures. Data from four
force-holds are provided for the 1.0 mm initial thickness sample tested at 30°C.
Only two holds are provided for the 2.5 mm initial thickness sample because
the lithium expanded beyond the diameter of the pistons. A 8 mm dia. piece
of 1 mm thick foil was tested at 60°C (at lower applied forces, see above) to
avoid similar issues. Instead, the borescope, which is only rated for use to 50°C,
malfunctioned during the third force hold so area data was not available. A
strain rate above 5 x 1072 hr~! at commercially relevant temperatures and
pressures is not viable for most applications.

Higher strain rates for thicker samples are in line with previous observations
of yield strength (summarized in Fig. 7 of [35]). The question is the relevant
length scale - sample thickness or grain size. Creep rates (rather than strain
rates, due to the foil thickness being a substantial fraction (1/13) of the Instron

displacement resolution) measured on 0.33 mm initial thickness foil are provided
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Figure 6: Creep rates as a function of temperature and pressure for 0.33 mm thick Li foil, in
the style of Fig. 5. Uncertainty in creep rates from linear fits (as in Fig. 4) is indicated.

in Fig. 6. A creep rate of 0.3 ym hr~! on a 0.3 mm thick sample corresponds
to a strain rate of 1 x 1072 hr~!, below all of the strain rates shown in Fig. 5
but higher than desired.

Creep rates at pressures below 1.5 MPa are within uncertainty of zero. Slight
changes in temperature have a pronounced effect on creep rates at pressures
above 1.5 MPa. Maintaining a cell at pressures below 1.5 MPa is possible but
challenges many of the projected routes to high current and energy density
devices described above. Data presented in Fig. 6 is not suitable to fit to a
multi-parameter power law model but does not appear to have the same sub-
stantial pressure dependence as measured by Masias et al.[32] and LePage et
al.[31] LePage noted that frictional forces will have an influence on observed
deformation rates. With our very low aspect ratio samples, contact areas and
surface areas are effectively the same, and extruded lithium may form a rough
interface with the steel and glass surfaces. In addition, lithium contact surfaces
were intentionally roughened to remove surface impurities. Optically smooth
glass piston ends provide a nominally identical surface roughness but may still

contain sub-micron scratches and imperfections. Reusing a glass piston led to
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creep suppression until a threshold pressure was applied. Steel pistons were
reused for a substantial number of tests (~20) without noticeable effect.

Microstructure of the Li foil has a strong influence on the strength and plas-
ticity of the foil. The microstructure analysis may offer a more relevant com-
parison between bulk, foil, and potentially electroplated samples. In particular,
we performed grain size analysis of the as-supplied, annealed, and compressed
foil using X-ray diffraction. The annealing of the foil will change the grain size
and allow us to test the mechanical properties of the Li foil with different mi-
crostructure. 0.33 mm thick Li foil was annealed in a glovebox on a calibrated
hotplate set to 100°C for 19 hours. The mean grain size of the as-supplied 0.33
mm thick foil was estimated to be 50 ym. Similar measurements on 1.0 mm and
2.5 mm thick lithium suggest grain sizes of 80 and 130 pm, respectively. After
annealing of the 0.33 mm thick foil, the grains grew in size with grains as large
as 450 pm. As there were only a few large grains illuminated by the X-ray beam
in the annealed foil, there was not enough statistics for the v method, therefore
the grain size was estimated by comparing the integrated (110) Li peak intensity
of individual grains before and after annealing.

Creep deformation rates for as-supplied and annealed 0.33 mm thick Li foil
compressed at 50°C are provided in Fig. 7. As-supplied data collected at 50°C
follows the same trend as the 30, 40 and 60°C data presented in Fig. 6. The
annealed sample, with much larger grains (similar in size to the overall sam-
ple thickness), exhibits similar creep rates at lower pressures and larger creep
rates at higher pressure. This can be attributed to unobstructed dislocation
movement within large grains in the annealed foil, while smaller grains would
obstruct the dislocation movement at the grain boundaries in the as-supplied
foil. Interestingly, the mean grain size of the annealed Li foil decreased after
compression and creep deformation and was estimated to be 28 pum using the
same v method[46]. This suggests grain size reduction due to compression and
creep deformation. Work hardening during rolling of lithium to the specified
initial thickness may impart similar changes in grain size and explain some of

the thickness dependence of strain rate in otherwise identical conditions. X-ray
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Figure 7: Creep rates as a function of pressure and annealing condition for 0.33 mm thick Li
foil measured at 50°C, in the style of Fig. 5. Estimated grain sizes are indicated.

diffraction texture measurements of as-supplied foils show that our thinnest foil
of 0.33 mm has a distinct rolling texture with [200] crystallographic direction
pointing out of the plane of the foil (along the normal direction), which is consis-
tent with previous reports[49, 50, 51]. We also find a clear preferred orientation
in the rolling and transverse direction of the 0.33 mm foil that resembles twin-
ning with rotation of the grains relative to the [200] axis parallel to the normal
direction. Orientation density function plots for (110), (200) and (211) reflec-
tions are displayed in Fig. 8. The 1 mm thick foil has a similar texture with
[200] direction parallel to the normal direction, but much weaker texture in the
rolling and transverse direction. This is consistent with the texture reported by
LePage et al. where there was no observed difference in texture between the
rolling direction and transverse direction of the 0.75 mm foil.[31] The 2.5 mm
foil has almost no discernible texture. Further studies on the effect of grain size

and morphology on creep rates are required.
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respectively.
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4. Conclusions

Substantial creep and strain rates were observed in lithium foils compressed
at standard, commercially-relevant temperatures and pressures. Deformation
rates varied with lithium thickness, temperature, and applied pressure. All
samples exhibited significant creep deformation at applied pressures of less than
2 MPa, which suggests that pure Li may not be able to sustain high stack pres-
sures (e.g. > 10 MPa) and alternate approaches to suppress dendrite formation
may need to be considered. Although thinner foils and smaller grains exhibit
lower deformation rates at a given pressure, it is unclear if this can be sustained
in long term device applications without changing the physical properties of the
electrode. Possible routes forward may include textured current collectors[11] or
lithium-rich alloys with substantially higher melting points / lower homologous
temperatures (e.g. S-LiAl, 600°C[52]). Higher resolution displacement studies
may allow for direct measurement of the physical properties of very thin (e.g.
0.01 - 0.05 mm) foils and electroplated layers of lithium, as well as the effect of

lithium grain size, morphology, and porosity.
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