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Abstract

Silicon is a high-capacity anode material for lithium-ion batteries.
Electrochemical cycling of Si electrodes usually produces amorphous Li, Si
(a-Li,Si) alloys at room temperature. Despite intensive investigation of
the electrochemical behaviors of a-Li,Si alloys, their mechanical properties
and underlying atomistic mechanisms remain largely unexplored. Here
we perform molecular dynamics simulations to characterize the mechanical
properties of a-Li,Si with a newly developed reactive force field (ReaxFF).
We compute the yield and fracture strengths of a-Li,Si alloys under a
variety of chemomechanical loading conditions, including the constrained
thin-film lithiation, biaxial compression, uniaxial tension and compression.
Effects of loading sequence and stress state are investigated to correlate
the mechanical responses with the dominant atomic bonding, featuring a
transition from the covalent to the metallic glass characteristics with increasing
Li concentration. The results provide mechanistic insights for interpreting
experiments, understanding properties and designing new experiments on a-
Li,Si alloys, which are essential to the development of durable Si electrodes
for high-performance lithium-ion batteries.

(Some figures may appear in colour only in the online journal)
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1. Introduction

Silicon is a promising electrode material for next-generation lithium-ion batteries [1-4].
A major challenge to the application of Si electrodes is electrochemically induced mechanical
degradation, which can cause capacity fading and limit the cycle life of lithium-ion batteries
[5-8]. During electrochemical cycling, Li usually reacts with Si to form amorphous Li, Si (a-
Li, Si) alloys [9-15]. Despite the intensive electrochemical study of a-Li, Si, their mechanical
properties and associated atomistic mechanisms remain largely unexplored.

Several recent experimental studies have investigated the mechanical properties of a-
Li,Si. Hertzberg et al conducted nanoindentation testing on polycrystalline Si thin films at
various stages of lithiation [16]. They reported a strong dependence of Young’s modulus and
hardness on the Li-to-Si ratio. Young’s modulus was found to decrease from an initial value
of 92 GPa for pure Si to 12 GPa for Li375Si, and the hardness changed from 5 to 1.5 GPa,
correspondingly. Chon et al used the curvature measurement technique to determine the yield
stress in a lithiated Si thin film [17]. They reported a yield stress of 0.5 GPa for a-Lijz 5Si, and
other thin-film lithiation experiments reported similar values [18]. Kushima er al measured
the fracture strength and plasticity of lithiated Si nanowires by in situ tensile testing inside a
transmission electron microscope [19]. The tensile strength decreased from the initial value
of about 3.6 GPa for pristine Si nanowires to 0.72 GPa for a-Li, Si (x ~ 3.5) nanowires. They
also reported large fracture strains that range from 8% to 16% for a-Li, Si (x ~ 3.5) nanowires,
70% of which remained unrecoverable after fracture.

The mechanical properties of a-Li, Si alloys have also been studied recently using quantum
mechanical and interatomic potential calculations. Shenoy et al performed density functional
theory (DFT) calculations of the elastic properties of a-Li, Si alloys [20]. They showed elastic
softening with increasing Li concentration. Zhao et al conducted DFT calculations for both
the biaxial yield stress in a-Li, Si thin films and the uniaxial yield stress in bulk a-Li, Si under
tension [21]. They found large differences between the characteristic yield stress levels of the
two cases. Cui et al developed a modified embedded atomic method (MEAM) interatomic
potential for Li,Si alloys [22]. They performed molecular dynamics (MD) simulations of
uniaxial tension for bulk a-Li,Si at 300 K and showed that the yield strength decreased from
about 2 GPa for a-LiSi to 0.5 GPa for a-Liz 75Si. In addition, quantum mechanical calculations
have been performed to study the atomic structures and energetics associated with Li diffusion
and reaction in a-Li, Si alloys [23-31]. The aforementioned modeling studies not only provide
valuable insight into the mechanical properties of a-Li,Si, but also highlight the challenges
in understanding the structure—property relationship in a-Li,Si. Namely, the composition
and atomic structure can change drastically during electrochemical cycling of Si electrodes,
involving for example the transition from a Li-poor network glass to a Li-rich metallic glass
with increasing Li concentration during lithiation [32, 33].

In this work, we employ a newly developed reactive force field (ReaxFF) to study the
mechanical properties of a-Li, Si alloys using MD simulations. This ReaxFF provides accurate
predictions of a set of fundamental properties for Li,Si alloys, such as Li composition-
dependent elastic modulus, open-cell voltage and volume expansion, as shown in appendix
A. Compared with DFT, the computational efficiency of ReaxFF enables the large-scale MD
simulation of a-Li,Si, which is crucially important for sampling amorphous structures and
thus obtaining their statistically meaningful properties. In addition, ReaxFF is capable of
describing various bonding environments, essential for improving the chemical accuracy of
simulated structures and properties spanning a wide range of Li compositions.

Our ReaxFF-based MD simulations focus on the mechanical properties of a-Li, Si alloys
under different loading modes and stress states. Currently, an effective method of measuring
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the mechanical properties of a-Li, Si is to test the lithiation stress response of a Si thin film
on an inactive substrate (e.g. a Cu underlayer on a Si wafer) [17,34]. Upon electrochemical
lithiation, the substrate constrains the volume expansion in the lithiated Si thin film, thus
generating a biaxial compressive stress in the film. The film stress can be determined from
the substrate curvature change based on Stoney’s equation. The lithiation stresses measured
from the thin-film experiments have often been taken as the yield strengths of a-Li, Si alloys in
recent literature. To understand these experiments, we raise the following questions: can these
thin-film stresses represent well the plastic properties of a-Li, Si alloys? In other words, does
the loading sequence (concurrent versus sequential chemical and mechanical loading) result in
different material properties of the same final product? Furthermore, what is the relationship
between the yield strength measured from the thin-film experiment during lithiation and that
from other mechanical deformations of a-Li,Si after lithiation, such as biaxial compression,
uniaxial tension and compression? With the limited available experimental data, here we
address these questions using MD simulations with ReaxFF. The results provide insight into
the effects of composition, loading sequence and stress state on the mechanical properties of
a-Li,Si alloys.

2. Methods and results

2.1. Stress generation during thin-film lithiation

We first perform MD simulations to study the stress generation in an a-Si thin film constrained
by a substrate during Li insertion. The atomic structure of a-Si is created by melting and
quenching of single-crystal Si. To simulate the lithiation response, we take a supercell of
a-Si as a representative volume element (RVE) in an a-Si thin film, as schematically shown
in figure 1(a). This supercell is subjected to periodic boundary conditions. Its size is free
to change in the out-of-film direction, but fixed in the plane of the thin film, mimicking an
RVE in a thin film constrained by the substrate. We randomly insert 20 Li atoms at a time
and then relax the system at 300 K for 10 ps. The Li concentration is approximately uniform
in the system, excluding concentration gradient induced stress. This process of insertion and
relaxation is repeated until the Li concentration reaches a desired level. The in-plane biaxial
stress is calculated after each step of Li insertion and relaxation. The MD simulations show
that both the atomic structures and associated stresses are insensitive to the specific scheme of
Li insertion, i.e. the number of Li atoms at each insertion and the frequency of insertion.
Figure 1(b) shows the atomic structures of pristine a-Si, a partially lithiated phase of a-
LiSi, and fully lithiated a-Li3 75Si. The starting system of a-Si consists of 432 Si atoms, and
the final one of a-Li; 75Si a total of 2052 Li and Si atoms in the supercell. Figure 1(c) shows
the structural characteristics of both a-Si and a-Lis 7551 in terms of radial distribution function
(RDF), angular distribution function (ADF) and ring statistics, with the dominant features
consistent with previous quantum calculations [23,26]. During MD simulations, the volume
increase due to Li insertion is mostly accommodated by free expansion in the out-of-film
direction. Figure 1(d) shows that the a-Li, Si thin film initially experiences a sharp increase in
in-plane biaxial compressive stress with increasing Li concentration. This stage of stressing is
dominated by elastic compression, which arises from the geometrical constraint on the supercell
that suppresses lithiation induced expansion in the film plane. Biaxial compression reaches a
maximum of —6.5 GPaat x ~ 0.2, indicative of the onset of plastic yielding. Further lithiation
causes a decrease in the magnitude of the film stress, indicating the decrease in yield stress with
increasing Li concentration. Such plastic softening can be attributed to the decreasing fraction
of strong covalent Si—Si bonds that resist bond switching and ensuing plastic flow [29], as
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Figure 1. Lithiation of an a-Si thin film constrained by the substrate. (a) Schematic of an RVE
in the film before and after lithiation. As a result of the in-plane geometrical constraint, this
volume element undergoes colossal expansion in the out-of-film direction. (b) MD simulated
atomic structures of pristine a-Si, a-LiSi and a-Li3 75Si, showing the colossal expansion. Red and
blue spheres represent Si and Li atoms, respectively. During lithiation, in-plane dimensions of
the system remain the same. (c) Characterization of atomic structures of a-Si and a-Li3 75Si in
terms of RDF, ADF and ring statistics. (d) Lithiation-induced biaxial compressive stress in the
film as a function of the Li-to-Si ratio, x. Squares represent the MD results, and the blue curve
is the numerical fitting. The error bars are due to the results of several configurations at a fixed
Li concentration. Circles represent the stresses calculated from an alternative loading mode, i.e.
biaxial compression of a lithiated film.

well as the concomitant increase in the weak metallic Li—Li bonds that facilitate plastic flow.
Overall, the trend of change of the film stress from MD is similar to that from experimental
measurements. However, the magnitude of the MD-simulated compressive film stress is higher
at the corresponding Li concentration. For example, the experimentally measured peak value
was about —1.9 GPa at x = 0.2 [29]. This quantitative difference can be attributed to the
short MD simulation time scale that limits the extent of stress relaxation. Nevertheless, MD
simulations capture the dominant feature of plastic softening during lithiation.

2.2. Biaxial compression

During the constrained thin-film lithiation, stress is generated owing to the concurrent chemical
reaction and mechanical deformation, both of which involve similar atomic processes of bond
breaking, switching and reforming. Alternatively, one can evaluate the mechanical properties
of a-Li,Si alloys through chemical lithiation followed by mechanical deformation. That is,
a-Si is first lithiated to a specific Li concentration under a stress-free condition, and then is
subjected to biaxial compression while keeping the Li concentration fixed. Figure 2(a) shows
the simulated stress—strain curves of biaxial compression under a strain rate of 5 x 108s~!
at 300K for several representative Li concentrations. A salient feature in these stress—strain
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Figure 2. MD simulations of biaxial compression of an RVE of a-Li, Si alloys. (a) Stress—strain
curves at four Li concentrations. The green cross symbol indicates the respective yield strengths of
J{(“, which correspond to the compression strain, &n,, specified in (b) for each selected concentration.
(b) Strain—composition curve for a-Li, Si alloys. The inset describes a sequential loading mode,
which consists of a stress-free chemical expansion from a-Si with an initial size of Lo to a-Li, Si
with a size of L, and a biaxial compression on a-Li,Si under an external compression strain of
em = (L1 — Lo)/L1, so that a-Li, Si has the same in-plane dimensions as a-Si.

responses is the yield point phenomenon, featuring the peak stress, load drop and steady flow
with limited strain hardening. Notably, the degree of the yield drop varies with Li concentration.
In Li-poor phases, the high peak of yield stress is observed with a pronounced load drop. The
large peak stress indicates the need of a high load to create enough plastic carriers during the
early stage of deformation, a process usually referred to as rejuvenation for creating a deformed
amorphous state amenable to plastic flow [35]. In contrast, the yield point phenomenon is less
pronounced in the Li-rich phases, which implies the existence of a high fraction of easily
flowing components and thus lends a support to constitutive modeling of the Li-rich phase as
a visco-plastic solid [6].

Although the detailed atomic processes underlying the yield point phenomenon in a-Li, Si
alloys warrant further study (as demonstrated in appendix B), we focus on extracting the
yield strength of o' from the above mechanical (m) deformation of biaxial compression. The
results enable us to correlate o' with o™ evaluated from the thin-film lithiation that involves a
concurrent chemomechanical (cm) process. Note that in order to determine oy' at a specific Li
concentration from the stress—strain curve, one needs to specify the strain at yielding, as shown
in figure 2(b). Here we define the compressive strain at yielding as e, = (L — Lo)/L, where
L, and L, respectively, denote the supercell size of the stress-free a-Li, Si and the initial a-Si,
as schematically shown in the inset of figure 2(b). Application of the compressive strain at
yielding to a-Li, Si cancels the in-plane expansion induced by the stress-free lithiation, which is
consistent with the boundary condition of rigid in-plane constraints during thin-film lithiation.
Given g, at a specific Li concentration, we determine the associated compressive yield strength
oy from the biaxial compressive stress—strain curve in figure 2(a). As indicated by the cross
symbols in figure 2(a), o§' corresponds to the characteristic plateau stress of plastic flow. To
compare oy' with o¢™, we add in figure 1(d) oy" as a function of Li concentrations (the red
solid line). It is seen that the yield strengths of o' from biaxial compression are consistent
with those of o™ from thin-film lithiation, by noting that the time scales achievable in MD
simulations are similar for the two cases studied. This consistency indicates that the steady-
state flow stress during the mechanical deformation of an a-Li, Si alloy can be effectively taken
as its yield strength, even under the chemomechanical loading condition.
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The above yield strengths are at variance with previous atomistic simulation results
[21,22]. The discrepancy arises mainly from the different definitions of yield strength. As
shown in figure 2(a), the stress—strain curve from MD simulation usually exhibits the yield
point phenomenon, which involves a peak stress that is followed by stress drop (i.e. softening)
and subsequent steady-state flow at a plateau stress. The value of the yield peak depends
sensitively on various factors such as the applied strain rate and temperature, sample preparation
(e.g. annealing temperature and rate), as well as the chemical composition of the alloys. The
conventional 0.2% offset yield stress, as defined by Cui et al [22] in their interatomic potential-
based MD simulations, is closely correlated with the yield peak, thus being dependent on the
aforementioned factors. On the other hand, stress-controlled energy minimization is performed
by Zhao et al [21], and the yield strength is defined as the critical stress at the load drop or
strain jump, which is also closely correlated with the yield peak. In addition, the first-principles
calculations by Zhao et al [21] are performed in a small amorphous system with a highly non-
uniform atomic structure and thus the results are likely a function of the system size, an effect
that has not been studied systematically by Zhao et al [21].

In contrast, we define the yield strength as the steady-state flow stress that is less sensitive
to the value of the yield peak. More importantly, our definition facilitates a correlation of the
yield strength between biaxial deformation and thin-film lithiation. This is because figure 2(b)
shows that the typical compressive strains during thin-film lithiation are mostly larger than
10%, and hence the steady-state flow stress in biaxial deformation, which prevails at large
strains, is more relevant to the yield strength in thin-film lithiation. In addition, the steady-
state flow stress obtained in our MD simulations is insensitive to the system size, which ranges
from 3nm x 3nm x 3 nm (~2000 atoms) to 6nm x 6 nm x 6 nm (~16 000 atoms).

Hertzberg et al [16] report the experimental measurements of hardness of a-Li, Si alloys
using the nanoindentation method. Due to the well-known strain rate effects on MD, it is
not possible to quantitatively compare MD with experimental results. However, while these
measurements represent the first experimental effort to quantify the yield strength of a-Li, Si
alloys, there are several uncontrolled factors in the experiments, such as uncertainty on the
spatial distribution of Li considering the recently discovered two-phase mechanism in the first
lithiation of a-Si [14, 15], as well as uncertainty on the structural and composition changes
when the lithiated samples were transferred to mechanical testing. Hence, well-controlled
experimental studies are critically needed in future research.

2.3. Uniaxial tension

In addition to the biaxial compression of a-Li,Si, we conduct MD studies of uniaxial
deformation. The uniaxial tension of a-Li,Si nanowires is simulated by applying a constant
strain rate of 108s~! at 300 K. Figure 3(a) shows the tensile stress—strain curves for a Li-
poor (a-Lig 125S1) and a Li-rich (a-Li3 75S1) nanowire, both of which exhibit initially linear and
subsequently non-linear responses, followed by a load drop. The linear response corresponds
to elastic deformation, with Young’s moduli fitted as 65 GPa for a-Lig 15Si and 12 GPa for
a-Liz 75S1. Evidently, the nanowires undergo elastic softening with increasing Li concentration.
This result is indicative of the stiffer bonding of Si-Si than Li—Li, which is consistent with
the previous experimental measurements [19] and first-principles calculations [20]. Compared
with that of the a-Lij 12551 nanowire, the stress—strain curve of a-Li3 75Si exhibits a considerably
larger range of nonlinearity beyond the proportional limit. Such a difference can be ascribed
to the existence of an increasing fraction of easily flowing components with increasing Li
concentration, an effect that is also responsible for different yield point responses during
biaxial compression, as discussed earlier.
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Figure 3. MD simulations of uniaxial tension of a-Li, Si nanowires. (a) Engineering stress—strain
curve for both the representative Li-poor (a-Lig 125Si) and Li-rich (a-Liz75Si) nanowires.
(b) Atomic structures of an a-Lig 125Si nanowire at the state of (i) zero stress, (ii) maximum stress
(before the onset of necking), (iii) severe necking and (iv) fracture. (c¢) Same as (b) except for an
a-Li3 75Si nanowire.

Unique to uniaxial tension, the nanowires are prone to necking instability. It has been
previously understood that the onset of necking arises from insufficient strain hardening to
compensate for the geometrical softening associated with the reduction of cross-sectional area
during tensile elongation [36]. Since the amorphous solid usually lacks strain hardening,
as shown earlier in biaxial compression, the neck grows in both a-Lig 1,551 and a-Lis 75Si
nanowires (figures 3(b) and (c)), causing fracture in the necked region. Because the associated
load drop prevents an extensive plastic flow, uniaxial tension is not an effective loading
mode to study post-yielding behavior. Nevertheless, MD results furnish an estimate of the
ultimate tensile strength of 4.7 GPa and 0.5 GPa for a-Li 1»5Si and a-Lis 75Si, respectively. The
corresponding failure strains are similarly around 13%. Because of the high strain rate and short
relaxation time in MD, the predicted fracture stress and strain of a-Liz 7551 nanowires represent
the upper limit of experimental results from the tensile testing of lithiated Si nanowires [19, 37].
In addition, we note that the a-Lig 12551 nanowire exhibits an abrupt load drop, as opposed to a
gradual decrease in a-Li3 75Si. This difference in the post-necking response can be attributed
to the relatively high elastic stiffness of the a-Lig j25Si nanowire, which results in a large elastic
energy release to drive a sharp load drop in the fracture process. Our MD simulations further
show that the slope of the descending stress—strain curve is sensitive to the applied strain rate,
with a faster load drop at a lower strain rate.

2.4. Uniaxial compression

In recent years, nanopillar compression has emerged as an effective means of testing the
mechanical properties of small-volume materials [38—41]. Compared with uniaxial tension,
it avoids the necking instability and thus enables the study of both yield strengths and
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Figure 4. MD simulations of uniaxial compression of a-Li,Si nanopillars. (a) Engineering
stress—strain curve for both the representative Li-poor (a-Lig j25Si) and Li-rich (a-Li375Si)
nanopillars. (b) Atomic structure of an a-Lip 12551 nanopillar at compressive strains of (i) zero,
(ii) 10% and (iii) 30%. (c) Atomic structures of an a-Liz 75Si nanopillar at compressive strains of
(i) zero, (ii) 10% and (iii) 30%.

post-yielding properties. Figure 4(a) shows the simulated stress—strain curves of uniaxial
compression for a-Lig, 1»5Si and a-Li3 75Si nanopillars under a strain rate of 5x 10% s 7! at 300 K.
Similar to nanowires under uniaxial tension, the compressed nanopillars experience initial
elastic deformation. The fitted Young’s moduli for a-Lig 12551 and a-Liz 75Si are consistent
with those in tension. Moreover, the magnitude of the flow stress is close to that of the
ultimate strength in the tensile testing for both a-Lig j25Si and a-Lis 75Si.

In contrast to the biaxial compression of an RVE, as shown in figure 2, the yield drop
phenomenon disappears in the Li-poor nanopillars of a-Lig ;2551 under uniaxial compression
at 300 K. It has been previously shown that the magnitude of the peak yield stress and the
sharpness of the associated load drop in amorphous solids are controlled by the interplay of the
annealing rate during sample preparation and the applied strain rate during deformation [35],
which, respectively, controls the amount of the pre-existing and deformation-induced plastic
flow carriers. However, both the annealing and strain rates are the same in our simulations of
biaxial compression and uniaxial compression. The major difference is that the nanopillars
have free surface while the RVEs with periodic boundary conditions do not. Hence, we
attribute the absence of the yield drop phenomenon in nanopillar compression to the effect
of free surface, i.e. a large number of surface dangling bonds enhance plastic flow and
thus suppress the yield peak. In addition, the simulated nanopillars experience steady flow
(figure 4(a)) with a large range of homogeneous compression (figures 4(b) and (¢)), rather than
the development of a dominant, localized shear band that would cause premature failure and
load drop. This phenomenon can be attributed to the relatively small size of our nanopillars,
which effectively prevents shear band formation, a well-recognized sample size effect on
deformation in amorphous solids [42]. Finally, we note that the above MD study of uniaxial
deformation in terms of free-standing nanowires and nanopillars, instead of RVEs, is motivated
by the consideration that these simulations could provide valuable reference and insight for
future experiments on a-Li, Si nanowires and nanopillars.

2.5. Biaxial yield surface

Finally, we summarize the simulated results of yield strengths in figure 5 in terms of the biaxial
yield surface in the true stress space, in order to provide a unified perspective on the mechanical

8



Modelling Simul. Mater. Sci. Eng. 21 (2013) 074002 F Fan et al

8 0.9
(a) x=0.125 (b) x=3.75
6
0.6 .
4 ',.'B' ‘-‘ ",.8 ;_"
= -~ TN — 03 o Y
= 92 K . = K .
& ’ ! & ” :
O o< o 9 o —da do
. . 5 - U
= ‘. s > : b
e © o3l ;
] - ¥ . =5*
. o . A .
Y . - (Y. *
-6 R L3 -4 T S T
_gb ~0.0k
-8 6 4 -2 0 2 4 6 8 -09 -06 -03 0 03 06 09
o, (GPa) G,, (GPa)
© |,
0.8 x=0.125 x=3.75
’ e O
b;: hCX O ¢$ Nanowire tension
0.4 T . .
B H A A Nanopillar compression
N
5 0 *  Thin film lithiation
£
5 5 $ [e} © RVE uniaxial tension
“ ',’- . q <1 RVE uniaxial compression
[ ]
-0.8 e . .
Srprr O RVE biaxial compression
-1.2k

-12 08 04 0 04 08 12
Normalized o,

Figure 5. Biaxial yield surface of a-Li, Si alloys. (a) Yield surface in the true stress space for a
Li-poor phase of a-Lig j25Si under various loading conditions. The three loading modes on RVEs
are performed under a strain rate of 5 x 108 s~! at 300 K. Reflection symmetry is employed to plot
the yield surface about the line of oy, = oyy, since amorphous solids are isotropic. The dashed line
is drawn as a guide to the eye. (b) Same as (a) except for a Li-rich phase of a-Li3 75Si. (c) Results
in (a) and (b) are normalized by the respective value of the long radius of the ellipse.

properties of a-Li, Si alloys. In addition to the yield strengths obtained in sections 2.1-2.4, we
include in figure 5 the additional results of flow strengths in uniaxial tension and compression
of RVEs. Despite the limited data set, several salient features emerge. First, plastic yielding
depends sensitively on Li content. This has been demonstrated through a Li-poor phase of
a-Lig 12551 in figure 5(a) and a Li-rich phase of a-Li3 75Si in figure 5(b). Such a difference
arises because the plastic flow characteristics of the former are dominated by strong covalent
Si—Si bonds but the latter by weak metallic Li-Li bonds. Second, the asymmetry in tension
and compression exists, as seen in uniaxial deformations from figures 5(a) and (b). Such an
asymmetry is a hallmark of amorphous solids [43], manifesting the effect of normal stress on
shear strength. It is observed in both Li-poor and Li-rich a-Li, Si alloys, despite the drastically
different structures and bonding characteristics. That is, the directional, covalent network of Si
dominates in the former, while the randomly close-packed metallic Li in the latter. The initial
yielding behavior in an amorphous material is expected to have a relatively high sensitivity
on pressure, since the nucleation of plasticity carriers such as shear transformation zones is
usually accompanied by the dilatation of atomic structure. However, our yield strength is
defined as the steady-state flow stress at strains greater than 10%, and its pressure dependence
can be different from that of the initial yielding. Specifically, when a system is deformed to
large strains, it should have already generated a significant amount of plasticity carriers. As
a result, the system volume is not necessarily required to change significantly to sustain the
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steady-state flow at high strains, such that plastic yielding becomes less sensitive to pressure, as
observed in our MD results. Third, the biaxial compression yield strength is a little higher than
the uniaxial one, owing to the geometrical confinement effects on plastic deformation. Fourth,
figure 5(c) shows that the normalized biaxial yield surfaces are similar between the a-Lig 12551
and a-Li; 75Si phases, despite the fact that their dominant atomic bonding characteristics are
drastically different. Overall, all the aforementioned features are fundamentally governed by
the nature of atomic bonding in a-Li, Si alloys, and the unique mechanical properties of a-Li, Si
alloys reflect the effective behavior of the mixed covalent and metallic bonds with different
fractions and spatial arrangements [19].

3. Conclusions

We have conducted an atomistic study of the mechanical properties of a-Li,Si alloys with
a reactive force field. A variety of chemomechanical deformation processes are simulated
by molecular dynamics, including the constrained thin-film lithiation, biaxial compression,
uniaxial tension and compression. The results reveal the effects of loading sequence and
stress state, which are correlated with the atomic bonding characteristics. Since the a-Li, Si
alloys undergo a large range of change in compositions during electrochemical cycling in
lithium-ion batteries, their mechanical behaviors are extremely rich, exhibiting the features of
both covalent and metallic amorphous solids [32, 33]. The detailed analyses of the molecular
dynamics results in this work provide atomistic insights for understanding the mechanical
properties and designing the future testing of lithiated silicon alloys.
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Appendix A. A reactive force field (ReaxFF) for the Li-Si alloy

The parameters of reactive force field (ReaxFF) for Li-Si systems were optimized against a
training set from DFT calculations at the B3LYP/6-311G** level, containing a collection of
data (energies, geometries, charges, etc). The ReaxFF bond, off-diagonal and valence angle
parameters relevant to the Li—Si system were optimized. A total of 10 parameters were fitted
to a training set containing 142 data points using a successive single-parameter search method
with multiple cycles to account for parameter correlation [44].

The ReaxFF used the Si parameters developed by van Duin et al [45] and was further
trained to model Li—Si systems. The force field was trained against the equation of states (EOS)
for the simple cubic (sc) phases of Si [45] and the body-centered cubic (bcc), face-centered
cubic (fcc) and hexagonal-close-packed (hcp) phases of Li. In figure Al, we compare EOS
for the bcc, fcc and hep phases of Li given by ReaxFF and DFT studies. The ReaxFF energy
curves are in good agreement with DFT calculations, with a root mean square (rms) deviation
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Figure A2. Energy versus volume for crystalline LiSi and Li;3Sis predicted by ReaxFF and DFT
calculations.

of only 1.65kcal mol~! for bec, 2.14 keal mol~" for fcc and 2.36 kcal mol~' for hep phases
of Li.

The ReaxFF was also trained against the energy curves for crystalline LiSi, Li;»Si7, Li;3Sig
and Li;5Siy given by DFT calculations. In figures A2 and A3, we compare the energy curves
of LiSi, Li;,Siy, Li;5Sis and Li;3Siy crystals predicted by ReaxFF and DFT calculations. The
rms deviation of ReaxFF energy curves from DFT calculations is only 0.23 kcal mol~! for
LiSi, 9.58 kcal mol~! for Li;»Siy, 0.46 kcal mol~! for Li;3Sis and 3.68 kcal mol~" for Li;5Sis.
Table Al lists the heat of formation of various Li/Si crystals predicted by ReaxFF and its
comparison with corresponding DFT values. The ReaxFF and DFT results are in good
agreement.

Using ReaxFF, we evaluate the open-cell voltage [26], volume expansion and Young’s
modulus of a-Li,Si as a function of Li concentration, as shown in figure A4. Note that
lithiation-induced volume expansion can be affected by the initial structure of a-Si. In our
simulations, a-Si is generated by the melting—quenching method, and hence its structure is
influenced by the quench rate. Under the simulated quench rate in our MD, a-Si is more
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Table Al.
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Figure A4. Comparison of properties of a-Li, Si alloys between experimental measurements and
predictions from ReaxFF and DFT. (a) Voltage versus Li concentration x. (b) Ratio of the current
volume and initial volume versus Li concentration x. (¢) Young’s moduli of a-Li, Si alloys at 300 K.

liquid-like with a mass density of 1.069p, (where p is the density of c-Si), and contains less
free volume to accommodate the Li insertion. In contrast, the a-Si in the experiment (similar to
c-Si) usually has a lower density, is more solid-like, and contains more open volume. Therefore,
the volume change caused by Li insertion in our simulated a-Si is larger than that for c-Si or
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Figure B1. Evolution of atomic coordination numbers under uniaxial tension. (a) Distribution of
the coordination numbers of Si and Li atoms in a-Lig 125Si at strain values of ¢ = 0 and 0.4. (b)
Same as (a) except for a-Liz 75Si.

experimental a-Si at low Li concentrations [46]. For example, our ReaxFF gives a volume
change of 3.7% from c-Si to Lig 12551 by inserting Li atoms to interstitial sites, and 7.0% from
as-quenched a-Si to a-Lig 125Si.

Despite the aforementioned structure difference, elastic moduli predicted from our
simulations show overall agreement with experimental measurements, i.e. a decrease in elastic
modulus with increasing Li concentration [16]. However, Young’s moduli from the ReaxFF are
closer to the rule of mixtures than DFT calculations [20] and experimental measurements [16].
At this moment, the origin of this discrepancy is not clear. While such a discrepancy might
arise from the inaccuracy of the ReaxFF, we also note the limitations of other approaches.
In experiment, the measured Young’s modulus might not correspond to the elastic properties
of single-phase Li,Si when 0 < x < 3.75. This is because it is unknown whether the
Li distribution is uniform or not in partially lithiated samples, considering the two-phase
lithiation has been observed in a-Si [14, 15]. In DFT calculations, the results could be limited
by the relaxation time and system size, which could compromise the statistical accuracy of the
DFT-generated amorphous structures of a-Li, Si alloys.

Regarding the plastic properties, the previous study shows that the liquid-like a-Si contains
arelatively large number of flow defects facilitating plastic deformation [35]. Hence, the yield
point phenomenon from our a-Si should be less significant compared with solid-like a-Si,
particularly at low Li concentrations. However, we emphasize that the initial structures in all
of our simulations, including both the lithiation of thin film and the mechanical loading of
a-Li, Si alloys, are generated using the same protocol of melting—quenching and the resultant
structures enable a self-consistent study of how the Li composition affects the mechanical
properties of a-Li, Si alloys. Nevertheless, the effects of different amorphous structures and
mass densities on the yield strength of a-Li, Si alloys warrant a detailed study in the future.

Appendix B. Evolution of atomic structure during mechanical deformation

This paper is focused on the mechanical properties of a-Li,Si alloys under different loading
conditions. In this appendix, we study the atomic-level mechanisms of mechanical relaxation
by analyzing the effects of tensile strain and composition on the atomic coordination numbers.

The evolution of atomic coordination numbers during deformation provides basic
information on atomistic structural changes under mechanical loading, which can be correlated
with dominant bonding characteristics. In figures B1(a) and (b), we compare the coordination
numbers of Si and Li atoms for a-Lip 2551 and a-Liz 75Si alloys under uniaxial tension at
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& = 0 and 0.4, respectively. In both a-Lig 1»5Si and a-Li3 75Si, the number of Si atoms with
small coordination numbers increases, and that of Si atoms with large coordination numbers
decreases. In addition, the change in the coordination number distribution of Li atoms in
a-Lig 12551 is more obvious than that in a-Li; 75Si. These results indicate (a) Si—Si and Si-Li
bonds break during deformation; (b) in a-Lig 125Si, most Li atoms are located in the large open
volume of the covalent Si network, and the structural relaxation under high strain occurs mainly
through breaking and reforming of covalent Si—Si bonds; (c) in a-Li3 75Si, a large fraction of
metallic Li atoms and their high mobility facilitate the effective bond switching and reforming
to accommodate the imposed mechanical strain.
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