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Lithium–ion batteries are characterized by high specific energy capacity, high operating
voltage, low self-discharge energy storage and long life [1]. Silicon has the highest known
theoretical specific charge capacity to be utilized in lithium–ion batteries [2]. In spite of the
promising electrochemical properties of silicon based lithium alloys, they cannot be easily
used in lithium cells. The main issue is the existence of a large volume expansion–contraction
which occurs during the charge–discharge processes. These volume changes induce
mechanical stresses, which result in disintegration of the electrode with consequent failure
after a modest number of charge–discharge cycles [1, 3].

Although many models have been developed for understanding the precise mechanisms of
lithium insertion–extraction [4, 5], lithiated silicon expansion–contraction [6] and failure
mechanisms, these models are still far from being quantitative and not ready for design
applications. A major challenge in the modeling of electrode swelling is the interplay between
diffusion of lithium into silicon anode and mechanical properties of amorphous lithiated
silicon [7]. Ref. [8] developed the concept of “reactive flow” in solids for lithium–ion battery
electrodes to address the effect of diffusion on plastic behavior of these systems. In their view,
an electrode in a lithium–ion battery may undergo inelastic processes of two types: flow and
reaction. Flow changes the shape of the electrode, preserves its composition and volume, and
is driven by the deviatoric stress. By contrast, reaction changes the composition and volume
of the electrode, and is driven by a combination of the mean stress and the chemical potential
of lithium in the environment. Consequently, the yield surface is assumed to be dependent on
both stress and chemical potential. Although, this model has a well-structured mathematical
framework, it does not predict certain essential physical behavior of the material. For instance,
the shape of yield surface remains unaddressed. Furthermore, chemical potential is an
equilibrium thermodynamic property and might not have a well-defined value during the
nonequilibrium charge–discharge processes.

In this work a mechanistically-based constitutive model for amorphous Li–Si alloys is
proposed which describes the effect of diffusion on plastic behavior of the alloy. We
presented a modeling concept based on the existing amorphous metal constitutive laws. As a
tool we focused on a specific theory for explanation of plasticity in amorphous metals called
“free volume theory” [9]. We added appropriate pieces to the free volume theory in order to
obtain physics based description of the material behavior.
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The yield stress of Li–Si alloy with a specified concentration of lithium is defined as a
function of a history variable. The history variable characterizes structural disorder in the
amorphous alloy or equivalently, it is a measure for reduction in barrier energies for plastic
events. Moreover, the history variable has a direct relationship with the charge–discharge rate.
Thus higher charge–discharge rates in the electrical loading history end up with lower yield
stresses which is in agreement with results in Ref. [8]. However, our model predicts yield
stresses as a function of well-defined material parameters and loading conditions.

Finally, as an example application of the proposed model, a series of molecular dynamics
cells for simulating Li–Si alloy discharging process have been created. The material yield
stress has been calculated for all simulation cells and the model parameters were calibrated.
Due to the fact that molecular dynamic simulation method is limited to small time intervals,
we are only capable of performing simulation of discharging at limiting rate values. The
model predicts yield stresses for limiting values of discharging rate with a very good
agreement with simulation results. Furthermore, it can be used to calculate yield stresses at
modest rates (close to experimental conditions) which are not possible to be computed using
the conventional molecular dynamics simulation techniques.
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