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An Atomistic Perspective on the
Effect of Strain Rate and Lithium
Fraction on the Mechanical
Behavior of Silicon Electrodes

The process of charging and discharging of lithium-ion batteries results in the periodic
intercalation and ejection of lithium ions in the anode material. High-capacity anode mate-
rials that are of significant interest for next-generation batteries, such as silicon, undergo
large deformation during this process. The ensuing electro-chemo-mechanical stresses
and accompanying microstructural changes lead to a complex state of inelastic deformation
and damage in the silicon electrode that causes a significant capacity loss within just a few
cycles. In this study, we attempt to understand, from an atomistic viewpoint, the mechanisms
underlying the plasticity behavior of Si-anode as a function of lithiation. Conventional
molecular dynamics simulations are of limited use since they are restricted to loading
rates in the order of 10° s™'. Practical charging-discharging rates are several orders of
magnitude slower, thus precluding a realistic atomistic assessment of the highly rate-
dependent mechanical behavior of lithiated silicon anodes via conventional molecular
dynamics. In this work, we use a time-scaling approach that is predicated on the combina-
tion of a potential energy surface sampling method, minimum energy pathway, kinetic
Monte Carlo, and transition state theory, to achieve applied strain rates as low as 1s™".
We assess and compare the atomistic mechanisms of plastic deformation in three different
lithium concentration structures: LiSi,, LiSi, and Li;sSiy for various strain-rates. We find
that the strain rate plays a significant role in the alteration of the deformation and
damage mechanisms including the evolution of the plastic deformation, nucleation of
shear transformation zone, and void nucleation. Somewhat anomalously, LiSi appears to
demonstrate (comparatively) the least strain rate sensitivity. [DOI: 10.1115/1.4045545]
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1 Introduction

The motivation to study rechargeable Li-ion batteries requires
little introduction, given the extensive and intensive research that
has unfolded on this subject over the past several decades. They
are expected to play an important part in future energy storage solu-
tions and materials issues ranging from design of electrodes to the
development of electrolytes are under scrutiny [1-3]. Silicon, in
particular, is a promising anode candidate for lithium—ion batteries
due to its exceptional capacity—more than 10 times of conventional
carbon electrodes, availability, and well-developed manufacturing
approaches [4,5]. However, silicon anodes are not as practical as
carbon-based materials due to the significant loss of stability and
capacity after just a few cycles of charging and discharge [6,7].
Silicon electrodes undergo a nearly 300% volumetric deformation
during lithiation-delithiation cycles [8] accompanied by extensive
plasticity and mechanical damage [9].

Due to the existence of several review articles on the subject of
lithium-ion batteries, we avoid a detailed literature review and
simply refer the reader to the following resources and references
therein [4,10,11] and focus on just a subset of works that are
most closely connected to the present study. Ab initio methods
as well as conventional empirical force-field based molecular
dynamics (MD) have been used to understand various aspects of
electrode behavior. Some representative examples are Li diffusion
[12], fracture [13], brittle-ductile transition [14], plasticity [15],
void growth [16], among others. The time-scale limitation of

!Corresponding authors.
Manuscript received October 31, 2019; final manuscript received November 23,
2019; published online November 26, 2019. Assoc. Editor: Yonggang Huang.

Journal of Applied Mechanics

Copyright © 2019 by ASME

conventional MD is well known [17-21]. The inherent limitation
in the methodology allows the modeling of a few microseconds
thus limiting loading rates to unrealistically high values of the
order of 10%s™'. This is in sharp contrast to the highly rate-
dependent behavior of lithiated silicon electrodes as well as the
orders of magnitude of slower strain rates the electrodes are sub-
jected to in practice. Relatively speaking, very few works have
attempted to use time-scaling approaches to understand plasticity
and damage in lithiated silicon electrodes. This is understandable
given that most existing time-scaling approaches [19] are hardly
turn-key operations and are computationally extremely demand-
ing. There are however some notable exceptions, Mendez et al.
[22] recently used the so-called diffusive molecular dynamics to
examine the process of lithiation in silicon nanopillars. Two of
the co-authors of the present work, previously, have used a time-
scaling approach based on the potential energy sampling method
to understand both Li-ion diffusion and the unit plastic event in
fully lithiated silicon nanostructues identifying the rotation of
the shear transformation zones as the main dissipation mechanism
[23,24].

This work builds up on our prior work that focused on the unit
plasticity event in amorphous fully lithiated silicon nanostructures
[24]. In practice, the fraction of lithium in amorphous silicon
anode changes continuously during the charging and discharging
process [25]. Accordingly, in the present work, we employ a time-
scaling atomistic approach and investigate the plasticity and void
nucleation behavior of amorphous (bulk) silicon as a function of
lithiation fraction as well as strain rate. Our approach allows us to
consider the strain rate as low as 1 s_l, which is several orders of
magnitude beyond the reach of conventional MD and is in line
with experimental strain rates.
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2 Approach

We used a modified embedded-atom method potential, which was
developed by Qu et al. [12] to describe the atomistic interaction
among Si and Li atoms. We created the amorphous structure via a
rapid quench process [16]. We first randomly insert a specific con-
centration of lithium atoms into a crystalline silicon structure.
Then, the temperature is increased to 2500 K. After equilibrium for
300 ps, the system is quenched with a quenching rate of 4.4 x
10" Ks™" to room temperature. Finally, we equilibrated the
system at room temperature and zero pressure using the NPT ensem-
ble. The amorphous structures after quenching are shown in Fig. 1,
and they are the initial structures for our simulations. The dimensions
of the cubic unit cells are 42.78 A for Li;5Sis, 39.66 A for LiSi and
45.21 A for LiSi,. There are 4750 atoms in the sample of Li;sSiy,
3936 atoms in LiSi and 5604 atoms in LiSi,. The samples were
uni-axially stretched in the x-direction during loading, and all simu-
lations were conducted with periodic boundary conditions in all
directions. Large-scale atomic/molecular massively parallel simula-
tor (LAMMPS) was used to carry out the classical MD calculations
[26], and the atomistic structures were visualized using OVITO [27].

To realize the slow loading rate, we adopted a time-scaling
approach based on a potential energy surface sampling method,
the so-called autonomous basin climbing approach (ABC) [28,29].
Further details of the approach may be found in the papers of its orig-
inators [30,31] and several others [32,33]. Accordingly, we provide
only a highly abbreviated description here. First, the desired strain
rate is chosen, and an incremental value of the strain is imposed on
the system. For the given imposed strain increment, the potential
energy surface (PES) is sampled extensively using the ABC algo-
rithm. The sampling of the PES provides us the minima and saddle
points of the PES, and hence the energy barriers between all pairs
of the minima. The nature of the ABC algorithm is such that while
the minima are accurately determined, the estimates of the energy
barriers may be erroneous. To refine the barrier estimates, some sui-
table minimum energy pathway approach (e.g., nudged elastic band
method—NEB) must be used. Kinetic Monte Carlo (KMC) is then
used to evolve the system toward the most probable path.

The time for the system to transit from initial energy well to the
selected minima is calculated by implementing the transition state
theory:

At = [vexp(—AE/k, T)]™! )

where AE, k;,, and T are the energy barrier, Boltzmann constant, and
absolute temperature, respectively. In Eq. (1), v is the hopping fre-
quency [34,35], set as v=10"s~!. The obtained transition time

LiSi A

Fig. 1 Initial amorphous structures of (a) LiisSis, (b) LiSi, and
(c) LiSi,. Large blue balls represent Si atoms and small red
balls represent Li atoms.
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multiplied by the chosen strain rate provides us with the increment
of the strain for the next iteration, and the ABC/NEB/KMC cycle is
repeated. Further details may be found in Ref. [36] and the review
articles [20,33].

3 Results and Discussion

We conducted the simulations for three different strain rates:
1s7! that is closer with experimental strain rates, 10* sfl, and
10% s7! that is accessible with conventional MD. We also carried
out conventional MD simulations for the high strain rate case
(10® s71) for benchmark comparison.

3.1 Comparison With Molecular Dynamics Results. For the
high strain rate (108 571 case, as evident from Fig. 2, ABC-based
calculations and MD results are in reasonable accord. As fully
expected (on physical grounds), the yield stress is lower for
higher lithium concentration, and this has been documented by
others as well e.g., Ref. [14].

3.2 The Effect of Strain Rate. To understand the effect of
strain rate, the stress—strain curves of the each lithium fraction
sample under different strain rates are shown in the same plot in
Fig. 3. The snapshots during loading for LiSi,, LiSi, and Li;sSiy
together with the stress—strain curves are shown in Figs. 3(a)—
3(c). There is a non-trivial drop in the yield stress with the reduction
of strain rate, as fully expected and underscores the limitation of
MD to make an accurate quantitative prediction under realistic
experimental conditions. For example, in Fig. 3(a), the yield
stress of LiSi, reduces from 10 GPa at the strain rate of 108 s™! to
6.5GPa at the strain rate of 1s7.. Similarly, in Fig. 3(b), the
yield stress drops from (roughly) 8 GPa at the strain rate of
108 5! to 6 GPa at the strain rate of 157",

To quantify the atomistics of plastic deformation, we examine the
non-affine squared displacement of the atoms (D2, ) following the
approach described in Refs. [37,38]. To evaluate this quantity, we
take the initial structure as the reference configuration (r;(0)) and
apply an affine transformation J; to the reference distance vector
(r;0)) between a designated center particle i and neighboring par-
ticles j. Assuming that there are N; atoms within the cut-off distance,
the non-affine squared displacement is then defined as [37]

2 = li n}in Z [r;i(t) — Jirji(o)]2 (@)
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Fig. 2 Comparison of MD (dashed lines) and ABC (solid lines)
uni-axial stress-strain curves for tensile test of same initial
sample (created under quenching rate of 4.4x10"" Ks™') and
the strain rate of 108 s~'. MD stretch was conducted at a temper-
ature of 1K. Here, blue, green, and yellow colors refer to LiSiy,
LiSi, and Li;5Si, structures accordingly.
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Fig. 3 Stress-strain curves at different loading rates for
(a) LiSi,, (b) LiSi, and (c) Li;sSis. (All the curves share the same
legend shown in (b) and all the snapshots share the same
color bar shown in (a).)

where r;(0)=r;(0) —r;0) is the distance vector between atoms i
and j and parentheses (#) and (0) correspond to the current time ¢
and reference time, respectively. Thus, Dfmn is a measure of
excess particle displacement and rearrangement with respect to
the local (affine) shape change. The internal structure evolution
shown in the snapshots Fig. 3 is colored based on the magnitude
of the non-affine displacement (D2;,) value (all the snapshots
share the same color bar which is shown in Fig. 3(a)). For LiSi,
(Fig. 3(a)), we pick €=0.02 and €=0.14 for a closer scrutiny of
the internal structure. As can be observed, for the samples at the
strain of 0.02 (Fig. 3(a)), for the strain rates of 108 s7! and
10*s™!, there is no discernible change in the internal structure.
However, for the strain rate of 1 s™', even at a very early strain
stage of €=0.02, shear transformation zones (STZs) nucleate
prominently (white circle). The implication is that even if MD
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Fig. 4 Smoothed histogram plot of the number of atoms at each
non-affine squared displacement value normalized with total
atom numbers at onset of fracture (labeled with yellow stars in
Fig. 3)

were able to handle the reduction of strain rate to 10* s™! (which
currently it cannot), the atoms barely participate in the rearrange-
ment. At the strain of 0.14, STZ’s are seen to be present for all
strain rates; however, the size of STZs in the lower strain rate
case, as well as values of D2, , is larger. Similar observations
may be made for other lithium-fraction samples.

An interesting observation in Fig. 3 is that at reduced strain rate,
the system tends to initiate fracture at an earlier stage. The yellow
stars indicate these fracture initiation points and the snapshots are
shown in the yellow boxes. To understand the mechanism underpin-
ning this observation, a smoothed histogram plot of the number of
atoms at each non-affine squared displacement value normalized
with total atom numbers at the onset of the fracture is shown in
Fig. 4. The dashed lines depict the non-affine squared displacement
distribution at the loading rate of 1 s~' and the solid lines indicate
the variation of non-affine squared displacement value at the
strain rate of 10®s™'. The zoomed view of D2, varying from
0 A% to 400 A” is shown in the subset. We remark that even
though high-strain rate loading cases appear to show fracture initi-
ation at an earlier strain stage, it actually takes much longer physical
time for slow loading case to nucleate voids. Takin% Li;5Si4 as an
example, for high strain rate loading case (10%s™"), the time to
void nucleation is 2.9 ns in comparison to 0.2 s for (1 s7h.

The number of atoms (lithium and silicon separately) for each
span of non-affine squared displacement at the strain of 0.14 are
shown in Fig. 5. At this level of strain, all lithiated samples have
yielded. In Fig. 5, blue columns represent the number of silicon
atoms and yellow columns stand for lithium. These graphs essen-
tially underscore the larger content of non-affine displacement
(and hence plastic events) at lower strain rates.

3.3 Effect of Li Concentration. Si is brittle, and as demon-
strated in prior works, the Li atoms endow the apparent ductility
seen in lithiated samples. The stress—strain behavior for varying
lithiation is shown in Fig. 6. For all strain rates, LiSi, yields at
the highest stress and the yields stress of Li;sSiy is much lower
than the other two cases. At reduced strain rates, the behavior of
LiSi, and LiSi becomes similar to each other, and they exhibit
almost identical yield stress at the strain rate of 1 s™'.

In order to obtain insights into the plasticity behavior of the dif-
ferent lithiated samples, in Fig. 7, we plot a histogram of the nor-
malized number of atoms with respect to the value of non-affine
squared displacement at the strain rate of 1s~'. Somewhat surpris-
ingly, we observe an anomalous (non-monotonic) variation of non-
affine displacement with respect to the lithiation fraction. LiSi
exhibits the highest peak for low non-affine displacement instead
of LiSi,.

We speculate that the anomalous observation described in the
preceding paragraph is likely associated with the higher density
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Fig. 6 Stress—strain curves for ABC simulations at the strain
rate of (a) 108s~, (b) 10°s~", and (c) 1 s~"'. Orange, blue, and
pink correspond to LiSi,, LiSi, and Li;sSis, respectively. Here,
points marked with circles denote the initiation of fracture.
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, respectively, and left, middle, and right columns correspond to

of Li-Si bonds in the LiSi structure. To explore this further, we
carried out a bond analysis. The number of paired atomic bonds var-
iation at strain rate of 1s™' is calculated and shown in Fig. 8. In
order to restrict the effect of other parameters, the number of
bonds is normalized with respect to the total number of bonds at
an initial structure for each case. For two structures, LiSi,
(Fig. 9(a)) and LiSi (Fig. 9(b)), the behavior of Li—Si bonds are
qualitatively the same: the normalized number of Li-Si bond
starts to reduce for both structures with the same rate at strain
equals to 0.05. What changes between LiSi and LiSi, is the normal-
ized number of Li-Li and Si-Si bonds. These bonds behave oppo-
sitely in these two structures—the number of Li-Li bonds for LiSi,
is comparably negligible, similar to Si—Si bonds in LiSi. The main
difference in the bonds between LiSi, and LiSi is the fact that LiSi,
loses Si—Si bonds whereas LiSi loses Li-Li bonds. The weakness of
Li-Li bond (metallic bond) compared with Si—Si (covalent bond)
results into the softening of the structure during loading. Based
on the previous investigation reported in Refs. [24,39], during the
plastic deformation of Li-Si alloy, Si atoms build the frame and
Li atoms are the “flowing defects” of the system. The breaking of
Si-Si bonds is likely to affect the mechanical behavior more
starkly compared with the breakage of Li-Li bonds. As a conse-
quence of bond break, there is delayed plasticity initiation in LiSi
when compared with LiSi, (Fig. 3). In Fig. 3(a), the plastic defor-
mation initiates at an earlier strain level at around £=0.02 which
is due to the bond breaking of both Li—Si bonds and Si—Si bonds
(whose number is significantly lower from £=0.02). However,
for LiSi, the main contribution comes from the breaking of Li—Si
bonds which begins to happen at the strain stage around 0.05
(Fig. 8). In other words, the breaking of Si—Si bonds is more effec-
tive in reducing the stability of the sample than the fracture of Li-Li
bonds. On the other hand, for Li;5Si4, the number of Si—Si bonds
are almost negligible and its behavior is dominated by the Li-Li
and Li-Si bonds. Since Li-Li bonds are very weak and easily
stretched, they can tolerate significant strain before breaking.
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Breaking of Li—Si bonds is the main reason leading to void nucle-
ation in Li;5Si4. In short, at lower strain rates, increasing the lithium
fraction does not necessarily soften the structure, and there exists an
exception: LiSi shows less non-affine plasticity than LiSi,.

3.4 Void Nucleation. Although a detailed examination of void
nucleation and its underlying mechanistic underpinnings is beyond
the scope of the present work, we perform a preliminary assessment
of the onset of the fracture process. The void nucleation progression
is shown in Fig. 9. The porosity f (labeled below every snapshots) is
calculated using the void volume normalized with the total volume
and is plotted in Fig. 10. From this figure, we can tell that the voids
nucleate at different strain stages if the systems are loading in dif-
ferent rates. For example, in Fig. 9(a), the top line shows the void
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Fig. 10 Porosity variation versus strain for LiSi, (orange lines),
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(dashed lines) and 108 s~ (solid lines)

nucleation of LiSi, at the strain rate of 1 s™' and the bottom line rep-
resents the variation at the strain rate of 10%s™'. For the case of
strain rate of 1s™', the void nucleation occurs at the strain of
0.09, while when loading the system at strain rate of 108 s™', the
void starts to nucleate at the strain of 0.18 at which point the
slow loading case (top line) has already failed. A similar observa-
tion can be found in the other two samples: LiSi (Fig. 9(b)) and
Li;5Siy (Fig. 9(c)). For LiSi (Fig. 9(b)), the void starts to nucleate
at the strain of 0.15 for the slow loading case (1 s™') and at the
strain of 0.19 for quick loading case (10°s™). In the following
strain stages, the porosity f for slow loading case is always larger
than the faster loading rate. For Li;sSis (Fig. 9(c)), if the system
is loaded slowly (1 s7"), the void starts to nucleate before the
strain state of 0.18 and the void starts to nucleate at the strain of
0.21 for high strain rate (108 s™"). In general, void nucleation for
slow strain rate cases occurs at an earlier strain level and in
regions where atoms have higher non-affine displacements. As
before, the inability of MD (or higher strain rate simulations) to
make realistic predictions of damage under laboratory conditions
is quite evident. However, further analysis is needed to delve
deeper into the fracture mechanisms which we defer to a future
study.

4 Concluding Remarks

In this study, using a time-scaling atomistic approach, we have
investigated the effect of strain rate and lithiation fraction on the
mechanical behavior of amorphous silicon. We are able to
capture loading rates as low as 1 s~' which is well beyond the capa-
bilities of conventional MD. We specifically find that MD or high
strain rate calculations severely suppress plastic deformation both
quantitatively as well as alter the nature of microstructural
re-arrangements during the deformation evolution. Void nucleation,
i.e., the onset of fracture, also occurs at earlier strain levels for
slower (more realistic) strain rates. With respect to Li-fraction, we
find that more Lithium does not necessarily make the amorphous
alloy monotonically more ductile. The actual response depends
on the fraction of the various atomic bonds and their role in the
deformation process. In particular, we find that anomalous behavior
for an intermediate lithiated Li—Si system.
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