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Silicon film with pre-crack was used to study the coupling effect of stress and electrochemical field around the
crack tip. The in-situ experiments were established to monitor the crack to realize the stress concentration
around the crack and simultaneously prevent the crack initiation. The ex-situ Auger electron spectroscopy exper-
iments shown the remarkably Li redistributed phenomenon around the crack tip. Furthermore, the fully coupled
finite element method was used to reveal the fundamental mechanisms of the Li gathering effect and the stress
relaxation phenomenon around the crack tip.

© 2019 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
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Lithium-ion batteries (LIBs), which possess high energy capacity and
long cycle life, are used inmany fields, such as the electric vehicles, con-
sumer electronics and the storage system of the renewable energy
[1–4]. However, for those high capacity electrode materials (Si, Sn, et.
al), the mechanical degradation, which result from the large deforma-
tion and fracture of the electrode during the Li insertion/desertion,
would significantly limit the performance of the LIBs and impede its
commercial application [5–11]. This complex diffusion induced effect
has been wildly studied. The in-situ experiments have been used to ob-
serve the deformation and crack evolution of the electrodes [12–15],
and the critical size of the electrodes could also be determined by frac-
ture mechanical theory under consideration of the volume expansion
of electrodes during lithiation [16–20]. Except for the influence of Li in-
sertion on the deformation of the electrodes, the stress could also affect
the Li diffusion process in the electrodes, and this behavior has been
qualitatively proved in the previous experiments [21–25]. This coupled
effect between electrochemistry andmechanics would be more serious
around the crack tip result from the stress concentration and crack
evolution.
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Many fully coupled theoretic and numerical methods of electro-
chemical fracture mechanics have been developed to analyze the frac-
ture behavior of the electrodes. The path independent J-integral which
contain the coupled term was derived to represent the driving force
around the crack tip, and this constitutive relationwas applied to the fi-
nite element analysis (FEA) [26–30]. The simulation results show the Li
redistribution phenomenon around the crack tip, which was due to the
Li diffusion under the stress gradient. Besides, the phase-field method
was also used to simulate the crack initiation, propagation, and
branching, this work reveals the evolution of inner and surface crack
during the Li insertion and extraction, respectively, and they also stud-
ied the redistributive behavior of Li around the crack tip [31–35]. How-
ever, up to now, this Li distribution phenomenon around the crack tip of
the electrodes was just found in the simulated or theoretical results
[26,36], and the experimental evidence is still absent due to the diffi-
culty of the mechanical loading and Li concentration measurement in
the electrochemical environment inner the LIBs. Besides, the appropri-
ate moment, which could ensure the stress concentration and prevent
the crack initiation at the same time, was also hard to determine.

In this work, we prepared the silicon electrodes and fabricated a pre-
crack on it. Then we developed the in-situ experimental methods to re-
alize the tensile stress loading and Li redistribution around the tip. After
that, the Li distributionmapping around the crack tipwas quantitatively
measured by the Auger electron spectroscopy (AES), and the coupled
behavior of Li diffusion and stress evolution was also simulated by the
all coupled FEA.
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Experimentally, the 311 nm thick pure Si film electrode was pre-
pared by the magnetron sputtering (Kurt J. Lesker LAB 18), the 500
μm thick quartz and ~300 nm deposited Cu were used as the substrates
and the current collectors, respectively. The detail information of the
preparation techniques and the characterization of the Si could be
found in our previous work [37,38]. The pre-crack was manufactured
by the focus ion beam (FIB, FEI Strata DB23), and the length of the
crack is 2a = 20 μm, the width is 1 μm (Fig. 1a). The Si electrodes
were placed in our home-made in-situ electrochemical cell [37–39]
and assembled in the argon-filled glove box (Mbraun Inc.).

As shown in Fig. 1b The special charge-discharge strategy was used
to realize the maximized Li redistribution around the crack tip.

1) Step 1. In order to obtain the homogeneous Li distribution before the
Li extraction, the electrodewas discharged (corresponding lithiation
process in half-cell) using the constant current constant voltage
(CCCV) strategy, the current was 100 μA (400 μA cm−2), and the
cut-off voltage was 0.3 V (vs. Li/Li+). As shown in the previous in-
situ experiments and the simulation [37,38], during the Li insertion,
the film only expansion along the z-direction, and there is no defor-
mation at the x-y plane.

2) Step 2. After the discharging process, the battery was charged to 0.7
(vs. Li/Li+) using the same current value. As shown in Fig. 1c–d, the
electrodewould be shrinkingduring Li desertion, thus thefilm thick-
ness h would decrease at the z-direction, and the biaxial tensile
stress would be introduced in the x-y plane by reason of the base-
ment constrain. The tensile stresses have been measured in lots of
work by multi-beam optical sensor (MOS) method [40–42]. Then,
the stress concentration would occur around the pre-crack.

3) Step 3. As the response time of Li diffusion wasmuch small than the
response time of stress, this step was a rest procedure, and its long
enough to ensure the open-circuit voltage of the battery become
constant. Meanwhile, the Li redistribution process occurred inner
the Si film, and the Li-ion will gather to the crack tip driven by the
stress gradient.

The optical microscopy (Keyence Corporation) was used to monitor
the electrode with a crack in the in-situ batteries, and these parameters
Fig. 1. (a) SEM image of the electrodeswith pre-crackmanufactured by FIB. (b) The charge-disc
desertion process. The scale bare is 5 μm.
used in these stepswere determined aftermulti-rounds of optimization
to simultaneously guarantee the tensile stress large enough and prevent
the crack initiation. In theprocess of optimization,many cut-off voltages
lower than 0.3 V have been tried during the in-situ experiments, and the
results show the filmwould be crack after delithiation (Fig. S1), and the
AES mapping experiment could not continue on the cracked film. The
cut-off charge voltage 0.7 V was determined from the MOS results
[40], which will guarantee the tensile stress inner the film. If the cur-
off charge voltage above 0.7 V, the tensile stress would not be guaran-
teed, and there will no Li redistribution around the crack tip.

The Li distribution around the crack tipwas characterized by the AES
(PHI700 ULVAC), the pressure in the system was less than 3.9
× 10−9 Torr, and primary electron beam energy was 10 keV. Fig. S2
shows the Auger spectra and the atomic concentration of electrodes
surface and internal (after 2 min etching, 10 nm reduction reference
to crystalline silicon). The results show the solid electrolyte interface
(SEI) was generated at the surface of the electrode during the lithiation
process, and its major chemical elements are C, Li, and F. However, after
etching, the atomic concentrations of F and C elementwas obviously de-
creased, this result indicates the SEI were removed from the LixSi film.

Fig. 2a shows the scanning electron microscope (SEM) image of the
crack tip after etching, and the quantitative AES mapping was obtained
at the same area. The Li concentration distribution C was shown in
Fig. 2b, and it was normalized by its average concentration Cave. Due
to the dramatic change of the height, the atomic concentration inner
the crack (white dashed triangle) cannot reflect the actual concentra-
tion. Besides, the island-like gray/white region in the SEM image indi-
cates the rough surface of the lithiated silicon film after etching. The
previous results measured by in situ AFM (atomic force microscopy)
have also find this characteristic of the thin film electrodes prepared
by magnetron sputtering [43,44]. The noise points in the AES mapping
results were also caused by the rough surface, however, its size is
smaller than the crack tip region and has little effect on the experimen-
tal results. The Li distributions indicated distinctly Li concentrated be-
havior around the crack tip, and the size of involved area is around
5–10 μm. Fig. 2c shows the Li distribution along the red line in Fig. 2b,
the red curve is the fitting date of the primary result and also proved
the increase of the Li concentration at the crack tip. Fig. 2d shows the
harge curve of the electrodes. (c–d) Schematic diagram of the stress evolution during the Li



Fig. 2. (a) SEM image of the crack tip after etching. (b) Normalized Li concentration distribution around the crack tip measured by AES. (c) The normalized Li concentration along the red
line in panel b. (d) Normalized Si concentration distribution around the crack tip. The scale bare is 5 μm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Si distribution in the electrode, which was also normalized by its aver-
age value, and have a little change around the crack.

For a deep analysis of the entire process of the interaction between
the stress concentration and Li distribution around the crack tip, the
fully coupled chemical mechanical finite element simulation was per-
formed. The deformation gradient F of the lithiated silicon could be
decomposed into three parts, and the principal stretches could corre-
spondingly be decomposed into elasticity, plasticity and concentration
parts,

λi ¼ λe
i λ

p
i λ

c
i ð1Þ

where i=1, 2, 3, no summation convention, and the superscripts ‘e’, ‘p’
and ‘c’ denote elastic, plastic and concentration parts, respectively.

The constitutive relationshipwith the effect of diffusion-induced de-
formation and the chemical potential including stress can be expressed
as

σ i ¼
1

λ1λ2λ3

∂W
∂ lnλe

i
ð2Þ

μ ¼ ∂W
∂C

−λ1λ2λ3σh
3
λc

dλc

dC
ð3Þ

whereW is the nominal free energy density of the system, and theσh ¼
1
3 ðσ1 þ σ2 þ σ3Þ is the hydrostatic stress. The chemical part of the en-
ergy density Wc is given by the following

Wc ¼ RTCmax C lnC þ 1−C
� �

ln 1−C
� �� �

ð4Þ

where Cmax is the maximum Li concentration and the C ¼ C=Cmax is the
normalized nominal Li concentration in silicon, RT is the product of gas
constant R and absolute temperature T. The numerical simulation,
which was based on this theory, was realized using ABAQUS user-
defined subroutines, the details of the coupled large deformation
simulation could be found in the Supplementary information and our
previous work [37,45,46].

The geometric model and finite element meshwas shown in Fig. 3a,
the length and width of the model is 40 μm, the size of the crack is the
same with its size in experiments. The initial concentration C0 inner
the electrodes was set as 0.5, and the 0.15% strain was loaded to the
electrode. The parameters used during the simulation could be found
in Table S1, the boundary conditions and load mode was shown in
Fig. S3. Fig. 3b–f show the Li concentration C and stress σxx evolution
of the electrode over the dimensionless time t, as themodel is symmet-
ric, the concentration field and stress field at the same timewere shown
on the top and bottom part of each figures, respectively. During the
loading process (Fig. 3c–d), the stress concentration appeared at the
crack tip, and the Li was also gathering under the drive of the stress gra-
dient. However, the Li redistribution continuously proceeds during the
rest process (Fig. 3d–f), even the displacement load was constant. The
concentration around crack tipwas still increasing, and the affect region
was also enlarging as the rest time goes on. Besides, the obvious stress
relaxation around the crack tip was accrued as the increased lithiated
expansion around the crack tip, which was due to the continuously Li
gathering.

Fig. 4 also shows the stress and Li concentration evolution at the
crack tip, the fully coupled results were contrasted with the one-way
coupling results, which means the stress would not influence the elec-
trochemical process. On the one hand, Fig. 4a–b show the remarkable
difference between them, the Li concentration of the crack tip increased
about 20% compared to the average concentration of the all coupled
model, which was due to the stress concentration. On the other hand,
the stress around crackwas also decreased due to the Li gathering in re-
turn, and this interaction effect would tend to stable as the rest time
goes on. Fig. 4c shows the concentrated effect of the Li distribution
along the red line front the crack, and Fig. 4d directly shows reason,
which is the gathering Li flux from the other area of the electrode to
the crack tip. The size of Li distribution area around the crack tip is
also around 5–10 μm, and it is consistent with the experimental result.
The accurate analytical solution of the size effect is unobtainable due



Fig. 3. (a) The geometrical model and the mesh of the FEA model. (b–f) The concentration (top part) and the stress (bottom part) evolution around the crack tip.
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to the complicated boundary conditions and large chemical mechanical
coupled deformation process around the crack tip. However, in consid-
eration of the fracture mechanics [47], if the crack length and the load
stress (related to the depth of delithiation) increase, the size of the Li
distribution area would simultaneously be enlarged.
Fig. 4. (a–b) the Li concentration and stress evolution at the crack tip of the twomodels, respect
at t = 0.01, the color of the arrow represents the value of the dimensionless Li flux. (For inter
version of this article.)
In summary, the Li redistribution phenomenon around the crack tip
due to the coupling effect of stress and the electrochemical process was
revealed by the experiments, which combining the in-situ crack moni-
toring and ex-situ Li concentration measurement. The results show
the obviously Li concentrated behaviors around the crack tip after the
ively. (c) Li distribution along the red line front the crack tip. (d) Liflux around the crack tip
pretation of the references to color in this figure legend, the reader is referred to the web
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tensile stress load. Subsequently, the fully coupled finite element
method was used to simulate the whole process of the interaction be-
tween the stress and the Li diffusion. The results clearly show the gath-
ering Li flux around the crack tip which was consisting with the
experiment results, and also reveal themechanismof the corresponding
stress relaxation. Besides, the fracture mechanical shows the size of the
Li redistribution area around the crack tip is mainly influenced by the
load stress and the crack length. Finally, fully understanding of the cou-
pling effect would be useful for the design of the stable LIBs with high
capacity and high volume expansion electrodes.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scriptamat.2019.03.033.
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