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Extended Abstract

Crystalline silicon (Si) is a promising anode material for a new generation of high capacity lithium (Li)-ion batteries
due to its high energy density [1]. However, its utility is hampered by its large volumetric change (about 300%) associated
with the lithiation process. Recent experiments have demonstrated that this lithiation-induced volumetric expansion is
highly anisotropic, with predominant expansion in the (110) direction, but negligibly small along the (111) direction [2].
This large anisotropic swelling and the induced stress cause mechanical failure and pulverization of the electrode resulting
in a capacity fading. Thus, a detailed understanding of the stress evolution and the anisotropic kinetics of diffusion in such
electrodes is crucial for the potential development of durable high capacity Li-ion batteries.

In this work, a generic framework to describe Li intercalation kinetics and the corresponding anisotropic structural
changes in Si nanoelectrodes is presented. The governing equations are solved using finite element formulation using two
different approaches. The first approach is based on a coupled thermal-structural model that treats temperature analogues to
the diffusion process. The second approach is a phase—field model that accounts for the large deformation through a set of
coupled phases—field and mechanics equations that are solved using the finite element method. Both models are generally
applicable to any electrode system undergoing phase change and large elasto-plastic deformation. The developed
constitutive models in the present work are first validated using the published data on isotropic lithiation in Si nanowire [3]
and then the model has been extended to the orthotropic diffusion case.

The analysis of the lithium concentration evolution shows that the apparent anisotropic expansion could be attributed
to the interfacial processes that accommodate large volumetric strains at the lithiation reaction front due to the
crystallographic orientation. The structural changes in lithiated cylindrical Si nanowires are indicated by the formation of
dumbbell-shaped cross section. By analysing the observed material evolution and stresses behind the reaction front, the
importance of the structural relaxation, due to the plastic flow behind the moving phase boundary can be understood. On
comparing the stresses behind the reaction front, it is observed that the stress induced during the lithiation process is
dominant in the hoop direction and in the radial direction stress remains negligible. Despite the extensive plastic flow
during the lithiation process, due to excessive deformation and anisotropic expansion, high stresses develop inside the
lithiated region of the nanowire, leading to cracking or splitting of the single nanowire into sub-wires. The study sheds
light on the lithiation-induced failure in nanowire-based electrodes. The modelling framework provides a basis for
simulating the morphological evolution, stress generation, and material failure in high-capacity electrodes for the next-
generation lithium-ion batteries.
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