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A B S T R A C T

Lithium (Li) metal is a leading anode candidate for high-performance all-solid-state batteries, yet its mechanical 
behavior at small length scales remains poorly understood. We employ an in situ environmental transmission 
electron microscopy–atomic force microscopy (ETEM–AFM) platform, combined with finite element modeling, to 
investigate the deformation behavior of submicron Li particles coated with a Li₂CO₃-rich solid electrolyte 
interphase (SEI) nanolayer. Under localized compression by the AFM tip, these particles experience highly 
heterogeneous multiaxial stress states and exhibit an effective yield strength of approximately 50 MPa. The low- 
crystallinity Li₂CO₃ shell deforms conformally with the Li core, accommodating large strains without fracture. 
These results reveal key mechanisms of plastic deformation in mechanically confined submicron Li and nanoscale 
Li₂CO₃, which are critical for enhancing the mechanical stability of Li anodes in all-solid-state batteries.

Introduction

The growing demand for electric vehicles and energy storage has 
intensified the need for durable, low-cost, and high-energy rechargeable 
batteries. Lithium (Li) metal is a leading candidate for anodes in all- 
solid-state batteries, due to its high energy density and low electro
chemical potential [1,2]. However, progress in Li battery technology is 
hindered by uncontrollable dendritic or mossy Li growth [3–5], which 
can cause short circuits and premature failure of Li metal batteries 
(LMBs) [6–8]. Understanding the mechanical properties of Li at length 
scales and loading conditions relevant to LMB operation is critical to 
their development.

Recent studies have shown that the mechanical response of Li is 
strongly size-dependent. In bulk Li (grain size >10 μm) at room tem
perature, Tariq et al. [9] measured a Young’s modulus of 7.8 GPa and a 
yield strength between 0.76 and 1.1 MPa, depending on loading rate. 
Lepage et al. [10] reported that Li exhibits noticeable strain hardening 
only at low temperatures (198 K), with negligible hardening at room 
temperature. Xu et al. [11] conducted in situ uniaxial compression tests 
on Li micropillars (1.17–8.49 μm in diameter) and observed a decrease 
in yield strength from 80 MPa to 18 MPa as pillar size increased. Fincher 

et al. [12] performed a systematic study from the nanoscale to bulk using 
nanoindentation and tensile testing, reporting yield strengths ranging 
from ~0.6 MPa in bulk to ~14 MPa at sub-10 μm scales, with strong rate 
sensitivity. Zhang et al. [13] measured compressive yield strengths as 
high as 244 MPa in submicron-diameter Li whiskers, demonstrating a 
clear “smaller-is-stronger” trend. The mechanical properties of Li are 
also known to be sensitive to impurity levels [14], which may contribute 
to the variation in reported yield strengths across different studies. 
While these studies provide valuable information on size-dependent 
yield strength under predominantly uniaxial loading, and some nano
indentation experiments also involve multiaxial stress states, the plastic 
yielding of small-scale Li under mechanical confinement by surrounding 
materials remains largely unexplored. Such conditions, however, are 
critical for understanding how Li deforms when confined by surround
ing electrode and electrolyte materials in practical LMBs under stack 
pressure.

In addition, Li metal is typically covered by a thin solid electrolyte 
interphase (SEI) layer that plays a key role in battery performance 
[15–17]. Formed during initial lithiation, the SEI acts as a protective 
barrier that improves coulombic efficiency and limits further electrolyte 
decomposition, and it may also help suppress dendrite growth. Because 
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the SEI is extremely thin and structurally complex, directly measuring its 
mechanical properties is highly challenging. Zhang et al. [13] estimated 
the Young’s modulus of Li₂CO₃, a common SEI component, to be ~21.5 
GPa using a rule-of-mixtures approach. Although progress has been 
made in synthesizing nanostructured, air-stable Li spheres, the me
chanical properties of nanoscale SEI layers remain largely unknown.

In this work, we report compression experiments of individual sub
micron Li particles covered with a Li₂CO₃ nanolayer using an environ
mental transmission electron microscopy–atomic force microscopy 
(ETEM–AFM) platform. Force-displacement data from these experi
ments, combined with finite element method (FEM) modeling, enable 
extraction of the Young’s moduli and effective yield strengths of both 
the Li core and the Li₂CO₃ shell. We show that the von Mises effective 
yield strength of submicron Li spheres reaches ~ 50 MPa, which is 

significantly higher than that of micron-sized Li particles. We further 
analyze the multiaxial stress states within the mechanically confined Li 
particles. These results offer mechanistic insight into the mechanical 
behavior of submicron Li and nanoscale Li₂CO₃ under complex multi
axial loading conditions, which is critical for the development of robust 
LMBs.

Experimental

Setup

In situ growth and compression experiments of Li particles were 
conducted using an ETEM–AFM platform. The operating principle of this 
platform has been described in detail in our previous work [13]. A 

Fig. 1. In situ growth of a spherical Li particle and subsequent mechanical characterization. (a) Schematic illustration of the ETEM–AFM setup used for Li particle 
growth and mechanical testing. (b) Bright-field TEM image of a Li particle electrochemically grown beneath the AFM tip in a CO₂ atmosphere at 1 mbar. (c) Electron 
diffraction pattern (EDP) and (d) the corresponding dark-field TEM image of the same Li particle. (e) Low-loss and (f) core-loss electron energy loss spectroscopy 
(EELS) spectra of the Li particle, indicating the presence of a Li₂CO₃ shell on the particle surface.
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schematic of the setup is shown in Fig. 1a. The electrochemical cell 
within the ETEM consists of a Li anode, a Li₂CO₃ solid electrolyte, and a 
silicon (Si)-based AFM cantilever serving as the counter electrode, 
forming a Li/Li₂CO₃/AFM(Si) configuration. This setup enables both in 
situ electrochemical growth of submicron Li particles and their subse
quent mechanical testing.

During the experiment, an individual spherical high-purity Li parti
cle was electrochemically grown beneath the AFM tip in a CO₂ atmo
sphere at 1 mbar pressure inside ETEM. After a submicron-sized particle 
formed, it was pushed upward by a piezo-controlled nanomanipulator 
connected to the underlying bulk Li source (Fig. 1a). As the particle 
moved upward, it deflected the AFM cantilever. The applied force (F) 
was determined from the AFM cantilever displacement (x), measured 
directly from TEM images, and the known cantilever spring constant (k), 
using Hooke’s law, F = k⋅x.

Results

Figures 1b–f show a Li particle grown in a CO2 atmosphere, with a 
diameter of ~700 nm and a 30 nm-thick Li2CO3 surface layer. The 

core–shell structure is confirmed by the electron diffraction pattern 
(EDP, Fig. 1c) and electron energy loss spectroscopy (EELS, Fig. 1e and 
f). The EDP exhibits a single-crystal diffraction pattern from the Li core, 
indicating that the particle is a single crystal. The Li2CO3 shell exhibits 
diffuse diffraction rings, indicating low crystallinity. Notably, Li2CO3 is 
also a major component of the SEI in practical batteries. Therefore, 
characterizing the mechanical properties of these as-synthesized Li 
particles coated with a Li2CO3 shell is directly relevant to understanding 
and improving the performance of Li metal anodes.

Figure 2 presents sequential TEM images from an in situ compression 
test on a Li particle (~574.4 nm in diameter) with a Li₂CO₃ shell (~33.4 
nm in thickness). Upon loading at a nominal strain rate of ~10–3 /s, 
defined as the indentation displacement rate normalized by the initial 
particle diameter, the particle underwent substantial deformation, 
characterized by pronounced vertical compression and lateral expan
sion. Owing to spherical geometry and localized AFM contact, the strain 
field within the particle is heterogeneous, and therefore the reported 
value represents a nominal deformation rate rather than a uniform strain 
rate. This deformation extended beyond the contact region and was 
distributed throughout the entire particle (Fig. 2a–i). During the test, the 

Fig. 2. In situ compression of a submicron Li particle coated with a Li2CO3 shell (a-i). Before compression, the particle has a height of ~574.4 nm and an average 
Li2CO3 shell thickness of ~33.4 nm (a). After compression, the particle height decreases to ~473.4 nm, corresponding to an overall compressive strain of ~16%.
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Li₂CO₃ shell remained intact, showing no evidence of cracking or 
delamination. Instead, it deformed together with the Li core, conforming 
to the shape change from a particle to an oblate spheroid. Intimate core- 
shell contact was maintained even at compressive strains of ~16%. 
These observations indicate that the native Li₂CO₃ layer can withstand 
significant elastic and plastic strains without mechanical failure. This 
behavior is consistent with our previous observations that nanocrystal
line or amorphous Li₂CO₃ exhibits considerable plasticity, with ultimate 
strengths ranging from 192 to 330 MPa [18]. These strength values are 
comparable to the compressive strength of Li dendrites [13], indicating 
the mechanical compatibility between the Li core and the Li₂CO₃ shell. 
Similar delocalized plastic deformation and intact interfaces were also 
observed in additional tests on a particle with a diameter of ~700 nm 
(Fig. A1).

Electron-beam-induced softening of lithium has been reported in 
previous TEM studies due to beam–matter interactions. The in situ 
mechanical testing was performed using the AFM–ETEM platform re
ported in our previous work on Li whiskers [13], where benchmark 
experiments comparing measurements from the AFM–ETEM system and 
a commercial TEM mechanical testing holder showed excellent agree
ment, confirming the reliability of the measurement system. In the 
present experiments, the electron beam intensity was minimized during 
mechanical testing to reduce potential beam effects. Moreover, the Li 
core is coated with a ~30 nm-thick Li₂CO₃ shell, which may partially 
attenuate direct beam–Li interactions. A rigorous beam-on/beam-off 
comparison is also experimentally challenging for the present system 
because electrochemically grown submicron Li particles may exhibit 
unavoidable variations in Li₂CO₃ shell thickness and local contact ge
ometry near the AFM tip, both of which can influence the measured 
force–displacement response.

FEM modeling

Setup

To simulate the compression behavior observed in the in situ ex
periments, an axisymmetric finite element model was constructed using 
ABAQUS/CAE [19], as shown in Fig. 3. The model represents the cor
e–shell particle shown in Fig. 2, which has a total diameter of 574.4 nm 
and consists of a Li core with a radius of 253.8 nm surrounded by a 
Li₂CO₃ shell with a thickness of 33.4 nm. Owing to axial symmetry, only 
one-quarter of the spherical particle was modeled. A tie constraint was 
imposed at the Li/Li₂CO₃ interface to ensure perfect bonding between 
the core and the shell. The AFM tip and the Li substrate were modeled as 
rigid bodies. Symmetry boundary conditions were applied along the 
central axis and the equatorial plane of the particle.

The contact geometry between the AFM tip and the particle was 

approximated based on TEM images obtained during and after 
compression. Specifically, the tip was represented by a spherical cap 
connected to a flat plate, which reflects the effective contact geometry 
observed in the experiments. The radius of the spherical cap and the 
vertical offset of the flat portion relative to the particle apex were 
measured directly from the TEM images and implemented in the FEM 
model. The Li core and the Li₂CO₃ shell were discretized using four-node 
axisymmetric solid elements (CAX4R). The Li core and Li₂CO₃ shell 
contain 2381 and 1050 elements, respectively.

To capture the multiaxial stress states during compression, both Li 
and Li₂CO₃ were modeled using an isotropic J2 plasticity formulation. Li 
was assumed to be perfectly plastic, consistent with previous experi
mental measurements showing negligible strain hardening at room 
temperature [10]. As a first-order approximation, the Li₂CO₃ shell was 
also modeled as perfectly plastic. A friction coefficient of 0.1 was used 
for the contact interaction between the AFM tip and the Li₂CO₃ shell. The 
elastic–plastic properties of the Li core and the Li₂CO₃ shell were cali
brated through a parametric study in which the yield strength of Li, the 
yield strength of Li₂CO₃, and the Young’s modulus of Li₂CO₃ were sys
tematically varied. The best-fit parameters were obtained by simulta
neously matching the experimentally measured force–displacement 
response and the lateral deformation of the particle during compression. 
Details of this parametric study are provided in the Supplementary 
Material (Fig. S1).

Results

Fig. 4a shows that the FEM-simulated force–displacement response 
of the AFM tip closely matches the experimental measurements. Simi
larly, Fig. 4b demonstrates good agreement between the FEM-simulated 
lateral strain–vertical strain response of the particle and the experi
mental data. The horizontal tensile strain was measured from the TEM 
images by tracking the lateral expansion of the particle boundary during 
compression and normalizing the particle diameter by its initial value. 
The best-fit mechanical properties are summarized in Table 1. For the 
core-shell particle with a total radius of 287.2 nm (Fig. 3), the extracted 
Young’s modulus (E) and von Mises effective yield strength (σY) of the Li 
core are ~11 GPa and ~55 MPa, respectively. This yield strength falls 
within the reported range for submicron-scale Li [13,18] and is sub
stantially higher than those of micron-scale Li (>10 μm) [12,20] as 
discussed in the Introduction section, consistent with size-dependent 
strengthening. The extracted E and σY of the Li₂CO₃ shell are ~27 GPa 
and ~37 MPa, respectively. While the Li₂CO₃ shell is elastically stiffer 
than the Li core, it is plastically softer. The mechanical effects of the 
Li₂CO₃ shell will be discussed in detail later. In addition, Fig. 4b shows 
that the lateral expansion of the Li particle is closely captured by the 
FEM simulation.

The robustness of these elastic–plastic properties is further supported 
by an independent compression experiment performed on another Li 
particle with a diameter of ~700 nm. The experimental observations 
and the corresponding FEM simulations for this particle are presented in 
the Supplementary Material (Figs. S2 and S3). The mechanical proper
ties extracted from this additional test are consistent with those obtained 
from the particle shown in Fig. 2. In particular, the yield strength of the 
Li core obtained from the second particle (~49 MPa) is close to that 
obtained from the primary particle (~55 MPa), indicating good repro
ducibility of the measurements and the FEM calibration. The slightly 
lower yield strength measured for the larger particle may be attributed 
to the well-known size effect in small-scale Li, where smaller structures 
generally exhibit higher strength.

The experimental and simulation results (Fig. 4a) reveal a force- 
displacement response with two distinct compression stages, charac
terized by a steeper average slope in stage I than in stage II. To under
stand this behavior, we analyzed the distributions of von Mises effective 
stress (σe), axial stress (σyy), and hydrostatic pressure (P) at indentation 
depths (h) of 2 nm, 5 nm, 15 nm, and 60 nm measured relative to the Li 

Fig. 3. FEM model of a core-shell particle in contact with an AFM tip, repre
sented by a spherical cap connected with a flat plate (thick black line). Owing to 
axial symmetry, only one-quarter of the particle is modeled.
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metal substrate (Fig. 4c–e). These stress fields capture the progression of 
plastic deformation in both the Li core and Li₂CO₃ shell. During the early 
part of stage I (e.g., h = 2 nm), the system remains largely elastic, 
resulting in a sharp increase in the AFM force. As compression proceeds 
in stage I (e.g., h = 5 nm), most of the Li particle reaches the von Mises 
effective yield strength σY, indicating widespread plastic deformation. 
At this stage, high σyy and P are concentrated beneath the spherical cap 
of the AFM tip, where strong lateral confinement enhances resistance to 
deformation, giving rise to the steep slope observed in the force
–displacement curve.

In stage II (e.g., h = 15 nm), the flat portion of the AFM tip comes into 
contact with the Li particle, leading to a pronounced reduction in the 

slope of the force–displacement curve. This softer response arises from 
two primary effects. First, the flat portion of the AFM tip provides less 
lateral confinement than the spherical cap, resulting in reduced σyy and 
P and a lower resistance to deformation. Second, a localized shear 
deformation zone begins to develop beneath the transition region be
tween the spherical cap and flat portion of the tip, as indicated by 
elevated σyy. This shear zone, inclined at approximately 45◦ relative to 
the central axis, gradually extends toward the center of the Li particle. 
Owing to axial symmetry, this response corresponds to the formation of 
a conical shear zone within the three-dimensional Li particle. At larger 
compressions (e.g., h = 60 nm), the entire particle is displaced radially 
outward (rightward in the axisymmetric model), resulting in the char
acteristic elliptical shape of the compressed Li particle.

Multiaxial stresses

To understand the effects of mechanical confinement on stress dis
tribution within the core-shell particle during compression, we analyzed 
the multiaxial stress states of three representative elements along the 
equatorial plane (as marked in Fig. 4c) at a compression displacement h 

Fig. 4. Experimental and simulation results for compression of a core-shell particle with a total diameter of 574.4 nm, composed of a Li core with a radius of 253.8 
nm and a surrounding Li₂CO₃ shell with a thickness of 33.4 nm. (a) Force-displacement response of the AFM tip from experimental measurements (circles) and FEM 
simulations (solid line). (b) Horizontal tensile strain versus vertical compressive strain from experimental measurements (circles) and FEM simulations (solid line). 
The vertical compressive strain is defined as the tip displacement normalized by the initial particle diameter, while the horizontal tensile strain is the lateral 
expansion normalized by the initial particle diameter. (c-e) FEM contour plots showing the distributions of (c) von Mises effective stress σe, (d) axial stress along the 
loading direction σyy, and (e) hydrostatic pressure P at the AFM tip displacement h of 2 nm, 5 nm, 15 nm and 60 nm measured relative to the Li metal substrate.

Table 1 
Elastic-plastic properties of Li and Li2CO3 used in FEM simulations.

E (GPa) υ σY (MPa)

Li 11 0.3 55
Li2CO3 40 0.3 37
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= 60 nm.
Element 1, located at the center of the Li core, experiences high 

compressive stresses: σxx = –26.5 MPa, σyy = –77.3 MPa, and σzz = –18.9 
MPa. The corresponding hydrostatic pressure P, calculated as the 
negative average of the three normal stresses, is 40.9 MPa. The magni
tude of σyy is much larger than that of σxx, and the difference between 
these stresses generates a large maximum shear stress, which drives 
local plastic yielding in this region.

Element 2, positioned near the Li/Li₂CO₃ interface but still within the 
particle, exhibits a markedly different stress state: σxx = –7.4 MPa, σyy =

–27.7 MPa, and σzz = 34.5 MPa. The hydrostatic pressure here is only 0.2 
MPa, much lower than that at the particle center due to its proximity to 
the particle surface. Compared to element 1, the reduced magnitude of 
σyy reflects reduced lateral constraint, while σzz becomes tensile, indi
cating the development of hoop tension caused by axial compression of 
the particle. In this region, plastic yielding is driven by the maximum 
shear stress arising from the difference between σzz and σyy.

Element 3, located on the outer free surface of the Li₂CO₃ shell, ex
periences σxx = –0.1 MPa, σyy = –0.6 MPa, and σzz = 36.7 MPa. Here, the 
axial stress σyy is negligible, and the mechanical responses are domi
nated by tensile hoop tension (σzz). Plastic yielding has also occurred in 
this surface region.

Overall, the above results reveal strongly heterogeneous multiaxial 
stress states across the particle. The hydrostatic pressure decreases from 
the particle interior toward the surface. Plastic yielding in the central 
core region is primarily driven by high compressive axial stress σyy, 
whereas near the surface, it is governed by significant hoop tension σzz. 
These findings highlight the highly inhomogeneous stress distribution 
that develops within the core-shell system under AFM compression.

Effects of the Li2CO3 shell

To further examine the effects of mechanical confinement provided 
by the Li₂CO₃ shell, we performed FEM simulations of a Li particle 
without the Li₂CO₃ shell (referred to as an all-Li particle) while main
taining the same total radius as the core-shell model. As shown in Fig. 5, 
the simulated load-displacement curve closely resembles that of the 
core-shell model in stage I, but shows an approximately 10% higher load 
in stage II. This modest increase in load-bearing capacity is attributed to 
the 33% higher yield strength of the Li compared to that of the Li₂CO₃ 
shell (Table 1).

In addition to differences in axial load response, the presence of the 
Li₂CO₃ shell significantly alters the stress distribution near the particle 
surface. For the all-Li particle, the stress state of the outermost element 
(corresponding to the location of Element 3 discussed in Section 3.3) is 
σxx = –0.2 MPa, σyy = –3.7 MPa, and σzz = 56.6 MPa. Notably, the 

magnitude of σyy is higher than that in the core-shell model. This dif
ference arises from the mechanical confinement imposed by the Li₂CO₃ 
shell. Specifically, the elastically stiffer Li₂CO₃ shell imposes a stronger 
constraint on the lateral (x-direction) expansion of the Li core, gener
ating additional internal pressure at the Li/Li₂CO₃ interface. This 
confinement induces an additional tensile stress component in the 
loading direction within the shell, thereby altering the local stress state.

Conclusions

We investigated the mechanically confined compressive deformation 
of individual submicron Li particles coated with a Li₂CO₃ nanolayer by 
combining in situ AFM-ETEM experiments with FEM modeling. The 
main findings and outlook are summarized below: 

• Integration of in situ experiments and modeling: The combination of in 
situ AFM-ETEM experiments and FEM simulations provides direct 
and quantitative characterization of the elastic-plastic deformation 
of mechanically confined submicron Li and nanoscale Li₂CO₃ under 
complex multiaxial stress conditions. We determine a von Mises 
effective yield strength of ~55 MPa for submicron Li, which is 
consistent with previous reports from uniaxial tests at similar length 
scales but significantly higher than bulk Li (size > 10 μm).

• Effects of multiaxial stresses and mechanical confinement: FEM analysis 
of the core-shell structure under AFM compression reveals highly 
heterogeneous stress distributions within the Li particle due to 
localized AFM contact. Hydrostatic pressure peaks at the particle 
center and decreases toward the surface. Plastic yielding is primarily 
driven by high compressive axial stress in the central core region and 
by large hoop tension near the surface. Comparison with a homo
geneous all-Li model shows that the Li₂CO₃ shell imposes only 
modest additional confinement. This behavior arises from the Li₂CO₃ 
shell’s unique mechanical properties: although elastically stiffer than 
Li, the nanocrystalline/amorphous Li₂CO₃ layer is plastically softer, 
enabling conformal deformation with the highly ductile Li core.

• Outlook: This study provides critical mechanical benchmarks and 
mechanistic understanding of submicron Li and nanoscale Li₂CO₃ 
under non-uniform multiaxial stresses. These conditions are highly 
relevant to Li anode morphological evolution and dendrite growth in 
all-solid-state batteries during repeated cycling. Such spatially 
varying stress states are expected to profoundly influence electro- 
chemo-mechanical degradation pathways and long-term battery 
stability. Further systematic investigations are needed to quantita
tively characterize these complex stress distributions, elucidate 
strain-rate effects, and assess their influence on Li plating/stripping 
kinetics and associated failure modes. Such efforts will pave the way 

Fig. 5. Comparison of FEM-simulated results from the core-shell model (red line, Fig. 4) and the all-Li model (black line) along with experimental measurements 
(circles). (a) Force-displacement responses of the AFM tip. (b) Horizontal tensile strain versus vertical compressive strain.
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for rationally designed, mechanically robust Li anodes in next- 
generation solid-state batteries.
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