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Abstract

Highlights

• Due to the competition of chemistry and mechanics, there are chemical reactions that
are affected by stresses and chemical reactions that are caused by stresses.

• There is principal difference between chemical reaction with elastic and viscoelastic
reaction products. In the case of viscoelastic reaction product, unlike an elastic case,
stress relaxation can protect the reaction from blocking. Two regimes of the front
propagation in the case of viscoelastic product are possible: kinetic regime and quasi-
equilibrium propagation regime.

• Various diffusion patterns are described depending on diffusion coefficients for the dif-
fusion through the initial and transformed solid constituents. A phase field model has
been developed aimed at a unified description of localized and volumetric reactions
and related to the chemical affinity tensor. Chemical affinity tensor is a proper tool for
describing chemical reactions in solids.

Introduction

Chemo-mechanical coupling remains one of the mainstreams of modern multiphysics.
Lithiation of silicon in Lithium-ion batteries (charge–discharge cycles of the batteries),
oxidation of silicon in integrated circuits and semiconductor technologies, formation of
intermetallic phases in lead-free solders, oxidation and fracture of polycrystalline silicon
microscale parts of MEMS are among important examples of reactions between solid
and diffusing reactants accompanied by the transformation strain (volumetric expan-
sion, for example up to 300% in the case of silicon lithiation), which generates stresses
which, in turn, affect the reaction rate, see e.g., (1,2,3,4) or reviews (5,6). So, the
appearance of stresses due to the transformation strain and the effect of stresses on the
rate of a chemical reaction up to its blocking are well-documented facts.

Initial-boundary value problem of chemo-mechanics

In the present paper, we start by considering the reactions localized at the reaction
front (a sharp interface). The system of equations includes:
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• diffusion equation with a boundary condition and the condition at the reaction
front (mass balance) with a sink defined by the reaction rate which depends on
the concentration of the diffusing constituent and mechanical stresses;

• mechanical equilibrium equation with boundary conditions and conditions across
the interface.

• to close the system, one needs constitutive equations for the diffusion flux, for me-
chanical behaviour of solid constituents and an equation defining the dependence
of the reaction rate on the concentration and mechanical stresses.

Thus, like a phase transition problem, we have a coupled problem with propagating
unknown interface the velocity of which depends on stresses and concentration, while
the stresses and concentration depend on the interface position.

Kinetics of the propagation of the chemical reaction front in elastic and
viscoelastic frameworks

The kinetics of the front propagation is described in the framework of an approach
in which stresses affect the reaction rate through a chemical affinity tensor A scalar
chemical affinity is one of the basic notions of physical chemistry (7). Tensorial nature
of the chemical affinity in the case of deformable solids follows form the consideration
of the reaction not just in points but at oriented area elements. (There is an analogy
with the stress tensor defining tractions at oriented area elements.) The concept of the
chemical affinity tensor was developed earlier (8) (see also (9)). The expression of the
chemical affinity tensor was derived from fundamental balances and entropy inequal-
ity, and a number of boundary value problems were solved, which demonstrated how
mechanical stresses can retard and block the reaction (see, e.g., (10,11) and reference
therein), including stability analysis (12).

In the present considerations, after the general formulation of the initial boundary
value problem ”diffusion -chemistry-mechanics”, we focus on the following aspects of
the problem:

(i) There are stress-affected and stress-induced chemical reactions, reflecting the com-
petition between pure chemistry and mechanics (there is an analogy with stress-induced
phase transitions in nonlinear elastic materials with non-convex energy) (12).

(ii) The influence of the relationships of elastic moduli of solid constituent on strains
and stresses which block and unblock the chemical reaction (13).

(iii) The effects of changing the rheology of the material due to the reaction. Our
first results on chemical reactions in an elastic–viscoelastic mechanical framework were
presented in (13) where the propagation of a plane reaction front was considered at zero
stress in the direction perpendicular to the interface. Now, considering a chemical re-
action front propagation under uniaxial deformation, we focus on studying the kinetics
of the reaction front in dependence on external strains, including cyclic deformation,
and emphasize the differences with the elastic case. Unlike in the case of solid elastic
components, in the viscoelastic case, the stresses relax, which protects the reaction
from blocking and leads to the coupling of the kinetics of the reaction front and the
stress relaxation process.

A special attention is paid to unlocking the previously blocked reaction due to the
stress relaxation. Possibility of two regimes of the front propagation in the case of vis-
coelastic constituent is discussed: ”kinetic regime” of the front propagation controlled
by the chemical affinity tensor defining the corresponding configurational force, and
quasi-equilibrium propagation of the front when chemical equilibrium is maintained at
the front during propagation.

(iv) Various diffusion patterns and conditions at the reaction front for the diffusion
problem (see also (11)). Two different problem formulations are examined for which:



• Diffusion through the untransformed material does not occur, as it is, for example,
in the case of lithiation of crystalline silicon (14).

• Diffusion is possible through both transformed and untransformed materials, and
the diffusing constituent located ahead of the reaction front in the untransformed
material affects the velocity of the front as well as from the side of the transformed
material.

Comparison of quasi-steady-state and non-steady-state diffusion approaches is also
made. Within the framework of the developed approach, the propagation of the reac-
tion front, controlled by the reaction rate or the diffusion rate, is discussed.

Volumetric reactions

Finally, we present a modification of the model in the spirit of the phase field ap-
proach aimed at a unified description of localized and volumetric reactions. A special
attention is paid to the definition of a reaction extent in the case of finite strains, since
it acts as a phase field parameter. It is shown how the configurational force driving
the volumetric reaction is related to the chemical affinity tensor (15). The time evo-
lution of space distributions of reaction extent and the concentration of the diffusing
constituent is studied in dependence of the diffusion and reaction rate parameters. It is
demonstrated how the pattern changes depending on whether mechanical stresses are
taken into account or not.
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