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Abstract

Diffusion-reaction-deformation phenomena are ubiquitous in materials processing and
manufacturing, and govern the performance and reliability of several key modern
technologies. While diffusion, reaction, and deformation have been studied in their uncoupled
form for more than 200 years, modeling their interactions is an active area of research
spanning several fields, making it both a classical and a modern topic. Nevertheless, a close
survey of the literature reveals several aspects of diffusion-reaction-deformation that remain

to be investigated theoretically.

In this thesis, a consolidated theoretical approach is investigated to address the gaps in
knowledge with respect to the modeling of diffusion-reaction-deformation. It is shown
that the classical growth kinetics of two model systems, namely, a core-shell spherical
particle, and a thin-film bilayer can be derived using a combination of Larché-Cahn (L-
C) thermostatics and kinetics. Previously, these equations have been derived solely from
kinetic considerations using fitting parameters; to extend the models to incorporate the
effects of stress, ad hoc models are generally used. To gain a better understanding of the
effects of coupling, the thesis uses a thermodynamic-kinetic approach. Subsequently, several
diverse yet universal phenomena are predicted, which have been observed experimentally in
various material systems, including lithium-ion batteries. These coupled phenomena include
enhanced diffusion, reaction block, and hysteresis; reaction block entails the slowing down

and eventual arrest of the phase transformation front.

x1



The intrinsic nature of thermodynamic hysteresis, which continues to persist with vanishing
kinetics, is deduced and explored using a new graphical analysis based on stability
considerations. The palladium-hydrogen system proves to be a suitable candidate to compare
these deductions qualitatively. It is noted that thermodynamic hysteresis is ubiquitous in
several phase transforming systems including lithium-ion batteries and metal hydrides. The
origin of hysteresis in palladium hydrides has been under debate since the 1960s. This
material system continues to be studied experimentally; recently, single particle and atomistic
experiments have also been undertaken. The hysteresis analyses presented in this thesis
complement the observations of these experiments as well as the key results of the Schwarz-

Khachaturyan (S-K) thermodynamic theory.

Kinetics of mass transfer are also pertinent in polymeric, biological, and pharmaceutical
applications. The mechanics of viscoelasticity is of key interest in such systems. A transient
diffusion problem is formulated in the presence of a general semi-permeable phase interface,
and a viscoelastic thin film is considered. The interface model is identified with a modified
Kedem-Katchalsky (K-K) equation, which is well-known in membrane transport literature.
To solve for the composition field and viscoelastic stresses, a protocol is devised using
an extended separation of variables technique, and the correspondence principle between

elasticity and viscoelasticity.

The exploration of diffusion-reaction-deformation undertaken in this work is summarized
with key modeling insights using a chemical kinetics perspective. The phenomenon of stress-
enhanced diffusion is revisited in the presence of strong coupling to extend the model and
present a reasoned connection between the reaction block phenomenon and the waiting time

solution of nonlinear degenerate diffusion.
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Résumé

Les phénoménes de diffusion-réaction-déformation sont omniprésents dans le traitement
et la fabrication des matériaux, et régissent les performances et la fiabilité de plusieurs
technologies modernes clés. Bien que la diffusion, la réaction et la déformation soient étudiées
indépendamment depuis plus de 200 ans, la modélisation de leurs interactions est une filiére
de recherche active couvrant plusieurs domaines, ce qui en fait a la fois un sujet classique
et un sujet moderne. Néanmoins, une étude approfondie de la littérature révele plusieurs

aspects du phénomeéne diffusion-réaction-déformation qui restent a étudier théoriquement.

Dans cette thése, une approche théorique consolidée est formulée pour combler les lacunes
dans la modélisation du phénomeéne de diffusion-réaction-déformation. Il est démontré que la
cinétique de croissance classique de deux systémes modeéles: une particule sphérique noyau-
coquille, et un ‘bilayer’ a couche mince peut étre dérivé en utilisant une combinaison de
la théorie thermodynamique et cinétique. Précédemment, ces équations étaient dérivées
uniquement avec une approche cinétique en utilisant des paramétres d’ajustement; pour
inclure les effets du stress, des modéles ‘ad hoc’ sont généralement utilisés. Ici, une approche
thermodynamique-cinétique est utilisée pour étudier les effets du couplage; par la suite,
plusieurs phénoménes divers mais universels sont prédits. Ces phénomeénes sont aussi
observés expérimentalement dans différents systémes, y compris les batteries lithium-ion.
Ces effets du couplage incluent une augmentation de diffusion, un ralentissement de réaction,

et I’hystérésis.

xiil



La nature intrinséque de I'hystérésis thermodynamique est étudiée a 1’aide d’une nouvelle
analyse graphique basée sur des considérations de stabilité. Le systéeme de palladium-
hydrogéne est un candidat approprié pour comparer ces analyses qualitativement. Il est
a noter que I'’hystérésis thermodynamique, qui persiste avec la disparition de la cinétique,
est omniprésente dans plusieurs systémes de transformation de phase, y compris les batteries
lithium-ion et les hydrures métalliques. L’origine de I’hystérésis dans les hydrures de
palladium est en discussion depuis les années 1960. Ce systéme matériel continue d’étre
étudié expérimentalement; récemment, des expériences a particule unique et atomistique
ont également été entreprises. Les analyses d’hystérésis présentées dans cette thése sont
complémentaires aux observations de ces expériences ainsi que la théorie de Schwarz-

Khachaturyan (S-K).

La cinétique du transfert de masse est pertinente dans les systémes biologiques et
pharmaceutiques; la mécanique de la viscoélasticité est d’un intérét clé dans ces systémes.
Un probléme de diffusion transitoire en présence d’une interface de phase semi-perméable
générale et de viscoélasticité dans les ‘bilayers’ & couche mince est formulé. Le modéle
d’interface est identifi¢ avec une équation modifiée de Kedem-Katchalsky (K-K), bien connue
dans la littérature sur le transport membranaire. Pour résoudre le champ de composition et
les contraintes viscoélastiques, une approche impliquant la technique ‘extended separation

of variables’ et le ‘elastic-viscoelastic correspondence principle’ est congue.

L’exploration de la diffusion-réaction-déformation entreprise dans cette étude est résumée
par des modélisations clés d’une perspective cinétique chimique. Le phénoméne de diffusion
accentuée par le stress est revisité en présence d’un couplage fort pour étendre le modéle et
présenter une connexion entre le phénomeéne de ralentissement de réaction et la solution de

‘waiting time’ de diffusion dégénérée non linéaire.
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Chapter 1

Introduction

1.1. Introduction to diffusion-reaction-deformation phenomena

Diffusion-reaction-deformation phenomena are ubiquitous in materials processing,
manufacturing, and solid-state technologies. Diffusion comprises the transport of multiple
species (neutral atoms, ions, charges, radicals) through a solid with complex microstructure
(containing defects, grain boundaries, porosity). Solid-state reactions encompass phase
transformations (including amorphization, crystallization) and the formation of solid
solutions, intermetallics, and compounds (silicides, oxides, salts, and amorphous alloys).
Mechanical deformation includes the effects of elasticity, plasticity, inelasticity, anelasticity,

viscoelasticity, fracture, creep, and fatigue.

Diffusion, reactions, and deformation have been studied in their uncoupled form for more
than 200 years, dating back to the work of Fick [1], Gibbs [2], and Hooke [3]. Diffusion
through an isotropic solid is described by relating J, the flux of the diffusing chemical
component, to the gradient of C', the concentration of the component via Fick’s first law:
J = —DVC, where D is diffusivity. This model is based on the empirical observation
that as the sample becomes homogeneous, the flux vanishes, and equilibrium is attained.
Reactions are studied in terms of Gibbs energy, G = H — TS, which accounts for the

contributions of enthalpy, H, and entropy, S, at temperature 7'; a minimum in the Gibbs



energy characterizes the equilibrium under conditions of constant temperature, pressure, and
composition. Finally, to describe the deformation in a linearly elastic material, Hooke’s law,

given by 0 = Fk, relates the stresses, o, and strains, €, via F, the elastic modulus.

There aren’t many studies of the interactions between these three phenomena; most are
primarily limited to pairs of phenomena, such as the effect of stress on diffusion, the effect
of reaction on stress, and similar binary couplings [4-12|. Nevertheless, diffusion-reaction-
deformation phenomena — coupled at multiple spatial and temporal scales — govern the
performance and reliability of several key modern technologies. Additional factors, such
as the geometry of the system, structural dynamics, and operating temperature further
modulate this tertiary coupling. Consequently, modeling these coupled phenomena is of key
interest in applications of diffusion, which range from energy storage to drug delivery, where

diffusion often sustains the accompanying chemical reactions.

1.2. Illustrative example from energy storage technologies

Energy storage solutions involving lithium-ion batteries (LIBs) and hydrogen storage in metal
hydrides are under intense study, where the goal is to maximize and maintain high capacity

during device operation [13-16].

This section considers diffusion-reaction-deformation in the context of LIBs. During the
charging of these batteries, lithium-ions travel to the anode, through the electrolyte. The
interactions between the anode and lithium-ions during charging (lithiation) and discharging

(delithiation) generate swelling, phase transformations, and stresses in the electrode.



Phenomena Effects
Diffusion Silicon Swelling
anode
Solid state reaction Amorphization
Deformation (anelastic, Recrystallization
plastic flow) Stresses
T=25°C Property changes

Morphology changes
Porosity
Cracks
Fracture
Fatigue

Reduced output voltage

Figure 1.1: Schematic illustration of a silicon anode using a spherical particle as
the representative microstructure. During the charging of a LIB, key governing phenomena
include transport of lithium ions to the silicon anode and their reaction, which is accompanied
by deformation of the anode (left table). The solid-state chemical reaction creates an
interface between the original silicon anode and the newly formed lithiated phase (grey),
called the phase boundary or reaction interface (dashed circle). This phase boundary
propagates inwards as further silicon is consumed by the reaction. These diffusion-
reaction-deformation phenomena generate numerous effects that degrade the electrochemical

performance of LIBs (right table).

When the anode is made of silicon, it undergoes volumetric changes up to 300% accompanied
by solid-state amorphization. This constrained swelling generates large elastic-plastic
deformation and stress in the anode, which can lead to cracks, and subsequent fracture. As

a result, silicon anodes — which in theory offer high capacity for LIBs than the conventional



graphite anodes — cannot sustain multiple charge-discharge cycles and fracture within a few
(~10) cycles. The effects of these coupled diffusion-reaction-deformation phenomena (Fig.
1.1) have been observed by several experiments using ex-situ and in-situ techniques such
as transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic
force microscopy (AFM), X-ray diffraction (XRD), nuclear magnetic resonance (NMR), and
many others; their combined effects on morphology, crack formation, material properties,
and electrochemical performance (output voltage, efficiency of the battery) have also been
measured for crystalline and amorphous silicon anodes ( [14, 17-22| and the references
therein). For example, observing particles of amorphous active materials directly via in-
situ optical and atomic force microscopy has revealed isotropic expansion of the particles
when lithium is inserted [20]. Subsequently, the kinetics and fracture response of amorphous
silicon is favorable compared to crystalline silicon, as revealed by in-situ TEM, which has
shown that nanospheres of amorphous silicon can withstand fracture up to a diameter of
870 nm, as opposed to crystalline silicon spheres, which exhibit a critical diameter of 150
nm [21]. Additionally, the atomically sharp (thickness of ~1 nm) crystalline-amorphous

phase boundary has been observed via high-resolution TEM [20].

There is ongoing research to develop models of lithium-ion batteries that capture
these coupled diffusion-reaction-deformation phenomena as well as predict their effect on

electrochemical performance ( [14,16,23] and the references therein).

These citations do not form an exhaustive list as references pertaining to both experiments
and models continue to grow with various topics of emphasis within these broad fields.
Of particular interest is the investigation of coupled phenomena in nanoparticles and thin
films; using nanostructures as battery electrodes has been shown to lower stresses, improve
capacity retention and resilience against mechanical degradation [16,17]|. This trend towards
nanostructuring has prompted several modeling attempts to include the effects of surface

mechanics, determine the critical particle sizes below which cracks do not nucleate, as well



as predict, or at least describe, anomalous behaviors [14, 16,24|. In several models, the
coupling is invoked via effective parameters, and restricted to partial and binary couplings.
For example, Bhandakkar and Gao [25] predict the critical conditions for crack nucleation
in an isotropic elastic thin strip electrode by applying a cohesive zone model of fracture;
however, their model does not consider the full coupling between stress and diffusion. In
[24], Haftbaradaran et al. couple internal stresses and activation energy for diffusion via
an effective stress-dependent diffusivity, ignoring the phase transformation reaction. Many
anomalous phenomena observed in experiments have also motivated fundamental inquiries,

which are expounded in the next chapter.

In summary, as modern technologies and devices for energy conversion and storage
evolve and use multifunctional materials with complex micro- and nanostructures, several
concurrent physical phenomena govern their behavior at various length- and time-scales. For
example, batteries, solid oxide fuel cells (SOFCs), polymer electrolyte membrane fuel cells
(PEMFC), and processing of microsystems use multilayered thin films, which experience
electromagnetic, electrostatic, thermal, piezoelectric, inertial, viscous, and elastic-plastic
effects. The multiple couplings between these phenomena cannot be ignored. Thus, efficient
and reliable models are required to capture the kinetics of the system under the combined

action of the various phenomena.

To model these systems, it is valuable to formulate a multiphysics continuum framework
of the coupled phenomena of transport processes, deformation, reaction, and their induced
effects. Constructing such a framework is the first step towards developing predictive models
for estimating the performance; analyzing the behavior; controlling the solid-state processing

and synthesis; and guiding the design of solid state systems.

To this end, we consider two model systems, withholding any context-specific complexity at

present. These systems are analyzed subsequently within a continuum framework.



1.3. System geometries and material properties

Two binary systems are investigated. The spherical particle under consideration has a core-
shell structure, comprising a spherical core encapsulated in a spherical shell. The bilayer
under consideration consists of a thin film attached to a substrate. Both solids are isolated

systems.

The constituents of each system, i.e. core and shell, and film and substrate, are binary
solid solutions with different phase equilibria. Under isothermal conditions at absolute
temperature Tj, the equilibrium phases are denoted 8 and « for the shell and core respectively
in the spherical case, and the film and substrate respectively in the planar case, as shown in

Fig. 1.2.

Each phase consists of two chemical species denoted A and B. The number of moles of the
atoms is n, and X is the mole fraction of the chemical constituents. Both n and X are
denoted with a subscript for the type of atom, and a superscript for the phase. For example,
n% represents the number of moles of A-atoms in the a-phase, and X§ represents the mole

fraction of B-atoms in the a-phase. The mole fraction of the B-atoms is given by

Xa — nB
B ng +ng’
8 (1.1)
xp=_"B
nﬁ +n%

The B-atoms are present in dilute amounts compared to A-atoms in both phases;

subsequently, Eq. (1.1)a can be simplified as
B R =, (1.2)

which, in terms of concentrations, is given by

_ng/VE Gy

X =B
Bng Ve Ca

(1.3)



where V§ is the volume of A-atoms in the a-phase, C'% is the molar concentration (mol/m?)
of the B-atoms in the a-phase and C4 is the molar density (mol/m?) of the A-atoms. It is
assumed that C' = Cf‘ = (y; the molar volume of the A-atoms remains the same in the

two phases.

Similarly, X g = C’g /C4. The composition of the system is characterized using C'% and Cg,

the concentration of the B-atoms in the two phases.

Shell § Thin film i X @—wy
<0 : r~

Interface

Substrate

(a) (b)

Figure 1.2: Schematic cross-section of a (a) core-shell particle and a (b) bilayer.

1.3.1 Diffusion-reaction-deformation in binary systems

At Tp, the mobility of A-atoms is assumed to be negligible compared to the B-atoms. Thus,
the A-atoms constitute a lattice. The B-atoms diffuse with respect to the A-lattice, which

undergoes small strains leading to elastic deformation.

During phase transition, the region occupied by the g-phase grows at the expense of the
region occupied by the a-phase via the migration of the «/f interface along its normal.
The interface is assumed to be sharp (negligible thickness), and coherent (perfect continuity
between the two A-lattices at the interface), as shown in Fig. 1.3 for Cartesian coordinates.

The energy of the interface is assumed negligible.
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Figure 1.3: Schematic of a coherent interface separating two phases of the same structure
that differ in their chemical composition in the (a) undeformed state and (b) elastically

strained state [10]. The lattice constant is denoted a.

The thermodynamic description of sharp interfaces assumes that both phases are
homogeneous up to the interface, and the interface is homogeneous in each direction that
is perpendicular to its normal [26]. To describe variations of an extensive property, @), for
phases that are not homogeneous close to the interface, Gibbs introduced interfacial excess
quantities such that Q = ¢*V® + ¢°V¥# + Q!, where ¢ is the density of @, and Q' is the
interfacial excess, which can be normalized by the interface area to obtain the interfacial
excess density, ¢’, a property of the sharp interface. In this work, the excess fields associated

with the interface are ignored.

In the absence of deformation of the A-lattice, the phase change is expressed using the vector
N6z, where IN is the unit normal perpendicular to the interface, and dz is the displacement

of the interface along the normal.! In the presence of deformation of the A-lattice, the elastic

Tt is noted that the variation is o7 in the spherical case. The equilibrium conditions and subsequent
analyses do not feature this term, which is why we are using dz in the derivation to avoid extraneous notation.



deformation must be accounted for in the phase change, and is given by (I 4 €) - NJz in
the deformed state, where € is the small strain tensor, and I is the identity matrix. The

derivation in presented in Appendiz A.

1.3.2 Objectives

The overarching goal is to predict the key diffusion-reaction-deformation phenomena in
binary two-phase solids, particularly in thin-films. This goal entails solving for the
concentration field and stress fields in the two phases, and the location and velocity of the
o/ interface, taking into account the full diffusion-reaction-deformation coupling. These

objectives are achieved by solving the following problems.

The first problem derives the governing equations for the mechanics and thermodynamics of

the systems under consideration.

The second problem analyzes two uncoupled models involving diffusion and phase

transformation. Deformation is ignored.

The third problem analyzes two fully coupled diffusion-reaction-deformation models for

steady state diffusion. The deformation is linear elastic.

The fourth problem analyzes a partially coupled model for unsteady (transient) diffusion.

The deformation is viscoelastic. Phase transformation is ignored.

1.4. Organization of the thesis

Chapter 2 presents a survey of the literature, focusing on the growth kinetics as well as the
effects induced by elasticity that modify this kinetic behavior. The rigorous thermodynamic
framework of Larché and Cahn, which extends the classical Gibbsian thermodynamics

to include nonhydrostatic stresses, is selected as the starting point. The equilibrium



(thermostatics) equations are derived by applying the Larché-Cahn (L-C) theory to two-

phase binary solids.

Chapter 3 presents the moving boundary problems for a core-shell particle and a thin-film
bilayer assuming small deviations from equilibrium. The L-C thermodynamic framework is
extended to include diffusion and phase growth. The corresponding kinetic equations use
thermodynamic driving forces for diffusion and phase transformation, which are identified
from the results of Chapter 2. The Legendre transformation procedure enables the
representation of these driving forces, containing elastically-coupled contributions, in terms

of the densities of Gibbs energy and grand canonical energy.

Chapters 4 and 5 apply the moving boundary formulations of Chapter 3 to investigate
the uncoupled (no deformation) and elastically-coupled quasi-steady state models
respectively. Subsequently, closed-form approximate analytical solutions are obtained for
the concentration field, stress fields, and the location and velocity of the interface. The
uncoupled growth kinetics are compared to the classical growth kinetics equations in Chapter
4. The thermodynamic effects predicted by the elastically-coupled analyses are compared to

the experimental observations of several material systems in Chapter 5.

Chapter 6 investigates coherent equilibrium in a thin-film bilayer model using a free energy
formulation as the starting point. Qualitative graphical analyses are presented to query the
stability of the phases in the presence of elastic stresses. The results of these analyses are
compared qualitatively to single-particle experiments and the Schwarz-Khachaturyan (S-K)

theory in the context of the palladium-hydrogen system.

Chapter 7 undertakes a transient diffusion analysis of the thin-film bilayer using an
extended separation of variables technique. Assuming the thin film is viscoelastic, a stress
analysis is undertaken using the elastic-viscoelastic correspondence, a continuum mechanics

concept. Together, the formulation presents a partially-coupled model for diffusion-induced
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viscoelastic stresses in the presence of a stationary interface model that is derived from

chemical kinetics considerations. The general nature of this interface is demonstrated.

Chapter 8 reflects and extends key diffusion-reaction-deformation modeling insights using a
kinetics perspective. The examples considered in this chapter offer further understanding of
model formulations and findings of Chapters 3-5, and 7. These sample problems illustrate
the salient points of bounds, errors, estimates, and diffusion-reaction relations, which are
pertinent to experimental modeling. Subsequently, the results of Chapter 5 are revisited to
draw a conspicuous connection with the framework of nonlinear degenerate diffusion and

motivate topics within this realm for future research.

Finally, Chapter 9 presents the main contributions of the thesis, ending with a summary of

the key conclusions, implications, and future work.
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Chapter 2

Literature Survey

Diffusion is analyzed using classical continuum mechanics and classical discrete mechanics.
The former applies when continuum hypothesis holds, i.e. when the Knudsen number,
Kn = A/L.par < 1, where A is the mean free path of the diffusing species, and L, is

a characteristic length scale of the system.

Fick’s first law is a continuum approximation that applies when Kn < 0.1 [27]; its literature
is reviewed in Section 2.1. Subsequently, Section 2.2 presents the equilibrium conditions
for binary two-phase systems, and Section 2.3 discusses the literature pertinent to growth

kinetics and its modeling in the presence of deformation.

2.1. Continuum models for diffusion-reaction-deformation

In 1885, Adolf E. Fick [1] described the diffusive transport of matter in a single-phase
material by drawing an analogy between Fourier’s law of thermal conduction and diffusion;
deformation and reactions were ignored. His phenomenological 1-D continuum model for
isotropic diffusion, Fick’s first law, assumed a linear relationship between the local flux and
the local concentration gradient via a diffusion parameter, called the diffusivity, that is scalar
and constant. This purely linear diffusional theory cannot capture all the processes involved

in Fig. 1.1, for example, the heterogeneous reactions occurring at the moving interface.
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Several physical phenomena in nature are described by a discontinuous first-order solid
state transformation where the change of state occurs by a rearrangement of the atoms.
These changes may be accompanied by changes in shape, volume, and chemical composition
and is actively studied in the field of physical chemistry since Gibbs’ seminal work on the

equilibrium of heterogeneous substances [2].

To include the effects of such chemical reactions as well as additional considerations
(anisotropy, external fields), an effective diffusivity is typically defined that is dependent
on concentration, stress, and ionic species. For example, phase transformations can
be modeled by introducing a concentration-dependent diffusivity [28]. Such heuristic
additions are frequently used to model coupled phenomena. For instance, stress dependence
is incorporated phenomenologically in rates of diffusion and rates of reactions. In
these models, the diffusion-reaction-deformation coupling is not well-defined; instead, the
phenomenological equations are justified by comparing them to experimental data and

evaluating the fitting parameters, if any.

Li, in 1966, and Larché and Cahn, in 1973, undertook a systematic study of the interactions
between diffusion and stress. Their research was one of the first attempts to develop a
consistent theory that includes the combined effects of stress and concentration gradients
on thermodynamic equilibrium in stressed solids [29-35|. These solids included one or more
mobile components that move freely within an immobile matrix, for example, atoms which

occupy interstitial spaces in a solid.

The L-C theory, which has been the basis for several diffusion-reaction-deformation theories
since the 1970s, is based on a variational problem: minimization of the free energy of the
system subjected to constraints that are incorporated using Lagrange multipliers. Using
this foundation, the L-C formulation extended the definition of the chemical potential — the

work required to add or remove a mole of the mobile component — to stressed solids [31-35].
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The L-C stress-dependent chemical potential describes diffusion in elastic crystalline solids.
Since then, the effects of strain energy have been incorporated and it has also been shown
that, in general, chemical potential is a tensor [36-38]. The L-C framework has also been
extended to solids undergoing finite strains, plastic deformation, chemical reactions, and to

solids containing multiple charged species [23,39-42].

To model reactions involving phase transformations, the phase boundary is described using
a sharp (negligible thickness) interface or a diffuse interface (non-zero thickness). The sharp
interface approach leads to a free boundary problem which is solved to obtain the stresses
and concentration distributions within the particle [23,28,43-45|. Phase field models (PFM)
use diffuse interfaces and are generally applied to materials with complex geometries or
anisotropy. General PFM formalisms based on Cahn-Hilliard theory that couple diffusion,
stress, and elastic-plastic deformation have been developed [46,47]. Models of stress-assisted
reactions that use tensors to describe the chemical potential and the kinetics of the reaction

have also been developed [38,45,48,49].

Theories that model the full tertiary coupling in diffusion-reaction-deformation phenomena
are still evolving. This thesis uses the L-C framework. The original publications present a
general formulation involving multiple phases and components, which makes the derivation
lengthy and difficult to follow; the next section applies this framework to the two systems of

Fig. 1.2.
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2.2. Equilibrium thermostatics

“Where shall I begin, please your
Majesty?” he asked.

“Begin at the beginning”

Alice in Wonderland

Lewis Carroll

Gibbs stated the criterion of equilibrium in systems using energy and entropy. The varying
values of these two functions characterize the effects generated by the system as it passes

from one state to another [2|. The condition for equilibrium can be expressed in two ways:
1. At equilibrium, the total internal energy of an isentropic system (constant entropy) is
minimized, which is given by

Min U at constant S, (2.1)

where U is the total internal energy, and S is the total entropy of the system.

2. At equilibrium, the total entropy of an isolated system (constant internal energy) is

maximized, which is given by

Max S at constant U (2.2)

The above conditions for equilibrium are equivalent; the second condition is the second
law of thermodynamics. Depending on the system under consideration, the system may be

subjected to additional constraints related to the total number of moles, interface, etc.

In 1878, Gibbs applied this thermodynamic treatment to solids in his classic treatise on
thermodynamics, Equilibrium of heterogeneous substances [2]. Solid state diffusion was
prohibited as it was not known at the time. Thus, for solids, Gibbs did not define

chemical potentials, which are prescribed for the chemical species that can undergo internal
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rearrangements. Since then, several frameworks have been developed for treating solid-solid
equilibrium [29,31-33, 35,50-53|. The starting point for all of them is the first and second
law of thermodynamics. The problems in Chapters 4 and 5 will be solved by applying and

extending the framework by Larché and Cahn [32].

2.2.1 Thermochemical equilibrium of a stressed two-phase solid

The equations for thermal, mechanical, chemical, and interfacial equilibrium can be
derived using a variational formulation approach based on the postulates of equilibrium

thermostatics.

Specifically, we will minimize the total internal energy of the isentropic system, subjected
to the internal constraints of the system, including constant total entropy. This condition is

written mathematically as

U =0, (2.3)

where Eq. (2.3) is subjected to the constraints, and infinitesimals of higher orders of U are
neglected. Furthermore, as the internal energy is an extensive quantity, it is additive over

its constituent phases. Thus, the total internal energy of the systems in Fig. 1.2 is given by
U=U*+U", (2.4)
where U® and U? represent the internal energy of the a-phase and B-phase respectively.

Internal constraints

The internal constraints of the system are related to the total entropy, total number of moles

of B-atoms, and the interface.
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The total entropy of an isentropic system is constant. It is assumed that the total entropy

is additive over its two phases. Thus, the first variation of entropy is expressed as
68 = 68° +6S° =0, (2.5)

where S* and S? represent the entropy of the two phases.

The total number of moles of the B-component is conserved:
Snp = onS 4 on, = 0. (2.6)

To express the interface constraint, consider the net displacement of the interface, denoted
as 0d, which entails the deformation of the A-lattice and the local phase change caused by
an infinitesimal change in location of the interface. The overall displacement of the interface

is given by

dd=déu+ (I +¢€)-Nbz, (2.7)

where 0w is the elastic displacement of the A-matrix and the term, (I + €) - N0z represents

the displacement due to phase change, presented in Section 1.3.1.

Variational procedure for deriving equations of equilibrium

The total internal energy of the system is minimized, as per Eq. (2.3). The constraints
given by Egs. (2.5) and (2.6) are incorporated using Lagrange multipliers. The interface

constraint will be incorporated explicitly within the subsequent equations.

Thus, the first variation of the total internal energy of the system, subjected to its internal

constraints, is given by

(5]/{ - TéS — ,uB5nB == O, (28)
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where T and pp are Lagrange multipliers corresponding to the entropy constraint, and

conservation of the B-atoms respectively.?

The internal energy and entropy are expressed as volume integrals in terms of their densities;
the internal energy density is denoted ~ and the entropy density is denoted 4. For example,

the entropy is given by
S = JdV-i—/ 2dV, (2.9)
Ve V8

where V® and V? are the volumes of the a-phase and S-phase respectively. Similarly, the

number of moles of the B-atoms are expressed as volume integrals in terms of C'p.

Variation of each quantity generates volume integrals and surface integrals. The surface
terms appear because of the movement of the interface. For example, the first variation of

each integrand in Eq. (2.9) is given by
d(2dV) = 62dV + 56(dV), (2.10)

where the changes in the volume element can be represented as §(dV) = §(zdS) = §zdS,

where dS is a surface element.

Thus, the first variation of the entropy is given by

55:/ 54dV+/ 54dV+/J“5z°‘dS+/ﬁ§z/BdS, (2.11)
a % b))

by

where > denotes the interface boundary. The last two terms denote the variation in entropy
because of phase changes in the a-phase and (-phase respectively. The superscripts on the

variables in the surface integrals indicate the appropriate side of the interface.

2In our model systems, we assume the B-atoms occupy interstitial sites; subsequently the two phases
are interstitial solid solutions. In binary substitutional solid solutions, both A- and B-atoms occupy
substitutional sites; Eq. (2.8) will then include another term: —padn4. This scenario also requires a
network constraint, namely, the conservation of the total number of atomic sites.
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Expanded forms of i/, 0S, and dnpg have similar forms to Eq. (2.11); these are substituted
in the variation equation, Eq. (2.8). The volume integrals of 0l contain d«, which is further
expanded as the internal energy density is a function of the strain, entropy density, and

concentration, » = «(€,s,Cp). The variation of » is given by

0« e+ 95, + 8—”503, (2.12)

00 = ¢ By 9C5

where : denotes the inner product in the space of second order tensors. This operation is
a double contraction containing two repeated indices; it is analogous to the dot product in

vector spaces. Using the definition of :, the first term of Eq. (2.12) is given by
o : e = tr(a’ d€) = 0,;0¢;5, (2.13)

where O /O€ is identified as the Cauchy stress tensor, which is denoted by o

To simplify Eq. (2.13), consider the product identity for a tensor field T, and a vector field

a given by?
div(TTa) = T : grada + a - divT, (2.14)

where div and grad denote the divergence (V-) and gradient (V) operators respectively.

Using the classical divergence theorem,* we obtain
/ div(TTa)dV — / (T"a) - N ds, (2.15)
v s
where TT a represents a vector field. Thus, using Eqs. (2.14)-(2.15), we obtain

/ T : gradadV = /(TTa) -INdS — / a - divT dV. (2.16)
v 2 v

3Equation (3.20) in [6].
4Equation (4.1) in [6].
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Using a = du implies grada = e as € = gradu and the operators grad and 6 commute. The
tensor field is set as T = 0~ /€. Substituting these definitions in Eq. (2.16) leads to the

following equation:

/VO':5edV:—/V(V~0')~6udV+/ZN-(0'T~5u)dS, (2.17)

where the divergence is expressed in terms of the nabla operator (V).

Thus, the variation equation is transformed into a sum of three integrals: a volume integral
in the a-phase, IntV,,, a volume integral in the S-phase, IntVj3, and a surface integral, IntS;

hence, Eq. (2.8) can be expressed as
IntV,, + IntV3 4+ IntS = 0. (2.18)

The volume integral in the a-phase is given by

IntVa:/a [(g—j—T)w—v.a-(su+ (%—u3>603]dv, (2.19)

where the inner product of Eq. (2.12) was transformed using Eq. (2.17). The volume integral

for S-phase has the same form as Eq. (2.19). The surface integral is given by
IntS = / [wo‘ézo‘ + w627 + N* .o . ju® + NP . "7 . 5u5] s, (2.20)
)
where w is given by

W=ew—Tg — ,uBC'B. (221)

This w free energy density can be interpreted as the density of the grand canonical potential.
The superscript denotes the side of the interface. For example, w® = ~* — Ts* — pC'g, and

its superscript implies w is calculated on the a-side of the interface.

20



The variations in Eq. (2.20) are not independent of each other. To express IntS in terms of
two independent variations, for example, du® and §2%, we use the following conditions which
characterize the coherent interface:

5d™ = 6d”°,

NP = —_N¢, (2.22)

§2°N* = §2° NP,

where Eq. (2.22)a expresses the fact that there is no gap nor any sliding between the two
phases. Equation (2.22)c is also a consequence of the coherent constraint, as the S-phase

grows at the expense of the a-phase and vice versa. These equations along with Eq. (2.7)

imply the following relations:

su® = du’ + (€’ — €*) - N°§2°,
(2.23)
62% = =627,

Thus, Eq. (2.20) is transformed and given by

IntS—/ [(wa—wﬁ—l—N"‘-ao‘T-(eﬁ—eo‘)-Na)52“+(N°‘-0'°‘T+Nﬁ-a'ﬁT)-(5uﬁ ds. (2.24)
2

Substituting Eq. (2.19) for the volume integrals, and Eq. (2.24) for the surface integral, in

Eq. (2.18), we obtain

/Va [(8—” —T)(SJ v 9 sus (a—” —MB)acB}dw

0J De 9Cs
/Vﬁ [(g_j ~T)ss ~ V- Z—ij O+ ((%; — 1p)6Cs|dv+ (225)

/ [(wo‘ — W+ (€ —€*) - 0%)52* + (N* - o°T + NP . o"T). 6u5]d5 = 0.
s

This equation contains variations of the independent variables in each integral.’

®Spherical systems use r instead of z in Eq. (2.25)c.
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Equilibrium conditions

For Eq. (2.25) to hold, each of the three integrals must be 0. Thus, the interior of the
a-phase satisfies IntV,, = 0, the interior of the S-phase satisfies IntVs = 0, and the interface
satisfies IntS = 0. For arbitrary variations of the independent variables, the corresponding

coefficients must vanish; the subsequent equations provide the conditions for equilibrium.

First, IntV, = 0 is considered. The coefficient of ds set to 0 is given by

T = N (thermal equilibrium), (2.26)

where 7' is identified as temperature, and is constant as it is a Lagrange multiplier. Equation

(2.26) represents the condition for thermal equilibrium.

The coefficient of du set to 0 is given by

V. (aa—i) =V .0 =0 (mechanical equilibrium), (2.27)

and represents the condition for mechanical equilibrium.

The coefficient of 6Cp set to 0 is given by

0
UB = feg = =2 (chemical equilibrium), (2.28)
oCp
where pp is identified as the equilibrium chemical potential of the B-species, .4, and is
constant as it is a Lagrange multiplier. Equation (2.28) represents the condition for chemical

equilibrium.°

The same procedure is followed for IntVz = 0. Thus, Eqgs. (2.26)-(2.28) describe the internal
equilibrium of the a-phase and p-phase. Furthermore, the temperature, and the chemical

potential of the B-component are uniform across the two phases.

6In binary substitutional solid solutions, chemical equilibrium corresponds to a constant diffusion
potential, which is identified with the Lagrange multiplier difference, given by pup — pa [35].
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For IntS = 0, setting the coefficients of du® and §z* to 0 provides the conditions for
equilibrium along the coherent interface:
N .o+ NP .o =0,

(coherent interfacial equilibrium) (2.29)
W —w — (€ —€)-a* =0.

Equation (2.29)a describes the mechanical equilibrium at the interface and reflects the
continuity of the normal tractions across the interface, which can also be expressed in the
component form as

oENS = —o N7 (2.30)
Thus, the stress is balanced along the coherent interface. Equation (2.29)b represents the

condition for phase stability and specifies the jump in the grand canonical free energy across

the interface.

In summary, the volume of each phase exhibits thermal, mechanical, and chemical
equilibrium, collectively known as internal or bulk equilibrium. The «/f interface entails
mechanical equilibrium and interfacial equilibrium. Together, these conditions describe the
thermochemical equilibrium of a stressed system, which is also known as thermomechanical

equilibrium.
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2.3. Kinetics

Kinetics of chemical processes drive the applications of materials by instigating changes in
their composition, shape, size, and microstructures. Describing the progress of these changes
in time and space as well as their rates is the realm of chemical kinetics; in the solid state,

structural constraints must also be accounted for [4, 54].

Fick’s law describes the nonequilibrium process of diffusion in terms of the gradient of
concentration. However, the state variable corresponding to chemical equilibrium was found
to be the chemical potential of B-atoms, as shown by Eq. (2.28). Modified Fick’s law
describes diffusion in terms of the gradient of the chemical potential, and is used in Chapter

3.

The models of Fig. 1.2 are phase-transforming systems. The interfacial chemical
reaction consumes the diffusing species locally, thereby affecting the local concentration.
Subsequently, this kinetic process occurs in a narrow region of space, and the interface is
idealized to a sharp moving front which marks a discontinuous change in the concentration
and material properties. These moving boundaries characterize the growth kinetics of such

phase-transforming systems, and are typically described using empirical models.

2.3.1 Classical models of growth kinetics

Classical rate models in the literature include the Ginstling-Brounshtein (G-B) model for
diffusive reaction in spherical particles [55], Deal-Grove (D-G) model for planar silicon
oxidation [56|, and the Higuchi equation for rate of drug release from ointment films, which

is of key interest within the pharmaceutical sciences [57].

The G-B equation (1950) is a well known ‘shrinking core model’ in chemical engineering
literature [55]. Shrinking core models describe the rate of retreat of the surface of a partially

reacted spherical solid particle. The rate-controlling step is the diffusion of reactants through
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a product layer to an interface at which an instantaneous reaction takes place; the product
layer directly replaces the space filled by the initial reactant particle with no change in
volume. Such models are also known as Shell and Core models or Unreacted Core models,
and have contributions from both diffusion and geometric controls [58]. For the spherical

system in Fig. 1.2, the G-B kinetic equation is given by

a3 Kt

3-26-3(1-9 =, (2.31)

an 3
where £ = 1 — (E) , which is a fractional degree of reaction or extent of reaction, a and
b are the inner and outer radii respectively, and £ is a rate constant that depends on the

diffusivity [58].

The D-G equation (1965) is a well-known linear-parabolic model from silicon oxidation

literature and is given by Eq. (11) of [56]:

[:L’g + AD(;I‘O = BD(;t + {L‘ZQ + ADGxi,} (232)

where xg is the total oxide thickness and xz; is the initial layer of oxide; Apg and Bpg
are parameters that depend on the effective diffusivity of the mobile oxidant species, rate
constants associated with the outer surface and interface, and equilibrium concentration of

the oxidant in the oxide.

The Higuchi equation is well known in pharmaceutical literature for quantifying the release
of solid drugs suspended in thin films [57]. This equation demonstrates a square root of time

type release kinetics, which is given by [59]

—t = \/2C;DCt, (2.33)
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where M, denotes the cumulative amount of drug that is released at time ¢ from the film,
Ay denotes the surface area of the film, C; is the initial concentration of the drug, and C;

denotes the solubility of the drug.

2.3.2 Effects of diffusion-reaction-deformation

The effects of diffusion-reaction-deformation have been observed experimentally thanks to
an astounding progress in in-situ techniques. Internal stresses have been observed to slow
down and inhibit phase transformation reactions in silicon structures, thereby affecting the
growth kinetics; some studies attribute this stalling to stress-reaction coupling, while others

postulate that it is governed by stress-diffusion coupling [60-69].

In niobium hydrogen thin films, Wagner et al. [70] observed that plastic deformation was
suppressed below a critical film thickness, and the elastic stress state altered the chemical
potential of hydrogen, phase stability, and critical temperature. Such manifestations of
coupling affect the system’s utility. Thus, fundamental understanding of diffusion-reaction-
deformation is required to advance system miniaturization, which can make devices less
susceptible to mechanical damage. Several single particle studies [71-74] have investigated
the absorption and desorption of hydrogen in individual palladium nanoparticles with
nanometer to atomic scale spatial resolution and millisecond time resolution. It has been
observed that single-crystalline nanocubes do not exhibit thermodynamic phase coexistence
[71], nanocrystals over a substantial size and shape range exhibit distinct and wide hysteresis
between absorption and desorption [74], and in general, phase coexistence occurs above a

critical size and is accompanied by defects [72,73].

Hysteresis, a dissipative phenomena that lowers the efficiency of any device operating under
cyclic conditions, is observed in both lithium-ion batteries and metal hydrides, and continues
to persist with vanishing kinetics; in electrochemical systems, the subsequent residual voltage

is called a zero-current offset [20, 71, 74-76]. Schwarz and Khachaturyan attribute the
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ubiquitous hysteresis in palladium hydrides to an intrinsic thermodynamic phenomena that
maintains the coherency of the interface, and is accompanied by an elastic strain energy
that generates a nucleation energy barrier |77-80]. Freidin and Eremeyev developed a
model to explain the phenomena of hysteresis in stress-induced phase transformations [81].
They also considered the effects of energy barriers due to nucleation and metastability;
the latter leads to hysteresis even in quasi-equilibrium. In phase-transforming electrodes
of lithium-ion batteries, Dreyer et al. attributed the inherent thermodynamic hysteresis
to the sequential charging and discharging of particles in an electrode comprising multiple
particles and predicted the existence of multiple equilibria [75,82]. Subsequently, zero-
current hysteresis was predicted even for a single particle via the pinning of the phase front
by heterogeneities [83]. These references do not form an exhaustive list; for example, the
interpretation of hysteresis in metal hydrides has a long history during which the underlying

cause remained an open question [84-87].

2.3.3 Modeling of diffusion-reaction-deformation phenomena

Kinetic models are most useful to technology. However, many coupled kinetic models are
developed using an ad hoc approach for a specific problem at hand, namely, by modifying
or extending classical models of diffusion and phase growth to improve their fit with

experimental observations of a given material system.

The classical models of growth kinetics in Section 2.3.1 do not include the effects of
deformation and the subsequent coupled effects. They are derived using Fick’s law of
diffusion, which implies an instantaneous response of the flux to a change in the driving force.
To include the effects of deformation in the stress-free (SF) classical rate models, the constant
material and kinetic parameters are often replaced with their effective values varying with
concentration, stresses, temperature, as well as time when considering viscoelastic and stress
relaxation effects. For example, in the D-G silicon oxidation model, stress-dependent effective

diffusivities and reaction rate constants are used; the nature of these equations is based on
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intuition, using the concept of activation volumes and fitting parameters [60,61,88-93]. The
D-G model is also used as the basis for studying the experimental data of other material
systems, including hydrides and silicides [94-97|, where modifications and extensions are
incorporated to fit the data. This theoretical approach is commonly adopted by coupled
models; while these models may describe the experimental observations, they do not have
any predictive capabilities. In the next chapter, we formulate uncoupled and elastically-
coupled models using a thermodynamic-kinetic approach to model the phase growth as well

as predict the effects of elasticity on diffusion and reaction.
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Chapter 3

Moving boundary problems

This chapter formulates the kinetic models that are used subsequently in the uncoupled and

elastically-coupled analyses for the two geometries.

3.1. Kinetic processes

When the system is driven away from equilibrium, thermal, mechanical, chemical, and
interfacial processes kick in to drive the system to equilibrium. The rates of the physical
processes are generally described using the theory of irreversible thermodynamics. In this
work, the simplest descriptions are used to model the kinetics of the irreversible processes,

assuming small deviations of the system from its equilibrium state.

3.2. Local equilibrium

The quasi-steady state analysis requires the assumption of local equilibrium. In addition,
it assumes that thermal and mechanical equilibria are rapidly established compared to the

time required to establish compositional and phase equilibria.
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3.3. Coupling
The coupling between the diffusion-reaction-deformation phenomena can be explicitly seen
in the chemical potential and the grand canonical free energy.

Differences in the chemical potential of the B-species drive the diffusion of B-atoms. From

Eq. (2.28), the chemical potential of the B-atoms is given by

8%(6, g, CB)

UB = 803 ; (31)

where the internal energy density depends on the composition and strain, and hence, reaction
and deformation respectively.

Equation (2.29)b represents phase change, and can be expressed using Eq. (2.21) as
[w] —[€] - o = [#] = T[] — us[C5] — [€] - e* =0, (3.2)

where [] denotes the jump across the interface, for example, [w] = w® — w®.

When [w] —[e] - # 0, it drives the interface motion, with w coupling phase transformation
to deformation, reaction, and diffusion, via the internal energy density, the chemical

potential, and composition.

3.4. Diffusion

When a phase is not in chemical equilibrium, its chemical potential is not a constant. Instead,

there is a gradient in the potential, which is assumed to generate and drive diffusion fluxes.

To describe the diffusive transport of the B-atoms, an empirical relationship is identified
for the local diffusion flux and the local diffusion force using the principles of irreversible
thermodynamics, specifically, the rate of local production of entropy. The driving force is

interpreted as the negative gradient of the chemical potential. This phenomenological model
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for diffusion is expressed as [4, 7]

T = ~CMp- Vi

acg _ o g n=a,f (3-3>
o B

where J3b, M7, V'l respectively describe the flux, mobility, and the gradient of the chemical
potential of the B-atoms in the phase under consideration, and ¢ is time. The flux is
measured with respect to the A-lattice, which provides a reference frame. The mobility is
a function of concentration and stress at a given temperature.” Equation (3.3)b represents
the conservation of the B-atoms in the differential form. Equation (3.3)a is called Modified

Fick’s force-flux (empirical) law [4].

We assume both systems exhibit isotropic mobility. Furthermore, as only the B-atoms are

mobile, we drop the subscript B for the subsequent sections.

For the spherical system, one-dimensional diffusion is assumed to occur along the r direction,
i.e. only the r-component of flux is non-zero. Thus, the equations for the flux and the

conservation of B-atoms are given by

Jn = —M”C”%
or’
o n=a,/pj
i | 3.4
g (3.4)
o oJ" 2
or "
2 , e 8
where V,, = — + —, and is the only contributing term.

or r

"For ideal dilute solutions undergoing small deviations from equilibrium, M?" is related to the diffusivity
of the B-atoms in the phase under consideration, D", and is given by M" = D"/RT, where R is the gas
constant; the derivation is shown in Appendiz B.

oF,. 2
8Divergence of a vector field (in spherical coordinates), F(r,¢,0), is given by V - F = o + ;Fr +
10F, t 1 OF,
~9% 4 cot ¢ F 0

r ¢ r ¢+Tsin¢w

, where F = F,.(r,0,$)# + Fp(r, 0, )0 + Fu(r, 0, ¢)d [98].
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For the planar system, one-dimensional diffusion is assumed to occur along the z direction.

Thus, the diffusion equations are given by

J":—M"C"g,
oo o n=ap (3.5)
T

3.5. Phase transformation

When the two phases are not in equilibrium, there is a driving force, denoted by ®, that
generates and drives the motion of the interface until it reaches equilibrium. To describe

this driving force, Eq. (3.2) is modified and expressed as

@ =[]~ [e] -0 = [] ~ T[s] — puIC] ~ [e] - 0. (3.6)

3.5.1 Velocity of the interface

Models of interface motion usually express the normal velocity of the interface as a function
of ®. When the system is close to equilibrium, the velocity of the interface is assumed to be
linearly proportional to the driving force, and characterizes the kinetics of the interface [23].

We use the following kinetic model:

Vo
— )
CaART

(3.7)

vy =

where Vj is a characteristic velocity and vy is the velocity of the interface; the model is

derived in Appendiz C.
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3.5.2 Mass balance at the interface

The mass balance at the interface is given by

_ 12

vy = [C] (spherical), .
A '
v = [l (planar),

where the speed of the interface is related to the flux of the B-atoms crossing the boundary.

3.5.3 Chemical equilibrium at the interface

The interface is assumed to be at local chemical equilibrium. Consequently, at the phase

boundary, the chemical potentials of the two phases are equal:

B
I

where p] is the chemical potential at the interface on the n-side of the interface.

3.6. Local entropy production

It is noted that the phenomenological diffusion and reaction models satisfy the
thermodynamic restriction of local entropy imbalance, or the Clausius-Duhem inequality

because —J - Vi > 0 and —v; - & > 0.

3.7. Legendre transformation for small strains

The general relationships for the chemical potential and grand canonical potential density

are determined formally from the first two laws of thermodynamics, which yield
dee = Tds + O'ijdﬁij + ,udC (310)
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The above equation follows directly from Eq. (2.12) once equilibrium has been assumed
and the constraints on the variation of the B-atoms have been accounted for [99]. The

independent variables are 4, €;;, and C'.

To obtain a change in variable, we define a new function, », Gibbs energy density for

nonhydrostatic stresses.’ For small strains, _# is given by
z=w—-Ts—0:€ (3.11)

Gibbs energy density is a state function whose value depends on the current thermodynamic
state and is independent of the path taken to reach this state. The total differential of Gibbs

energy density is given by
df =dw —Tds — 4dT — 0;5de;; — €;;doj,
— Tds + oijdes; + pdC — Tds — 5dT — oy;de;j — €5;doy;, (3.12)
= —sdT + pdC' — €;;do;;,

where Eq. (3.10) was used. Thus, # can be considered a function of T, 0;;, and C'. Since »

is a state function of these variables, dg is an exact differential, and is given by

0 0 0
dy = ()T + (55)dC + (52-)do. (3.13)

8Uij
Comparing Egs. (3.12) and (3.13), we obtain
O
or = "
O
% = M,
¥ _

80’2']‘

(3.14)

_Eij-

9The Gibbs energy density used here is analogous to the classical Gibbs energy; the latter is an appropriate
function to use under conditions of constant temperature, composition, and hydrostatic pressure.
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For an exact differential, the order of differentiation can be exchanged. Thus, we obtain

g (0 g /0
%(ai) ~ doy; (%)' (3.15)

Substituting Eqgs. (3.14)b and (3.14)c in Eq. (3.15) gives the following Maxwell’s relation:

B (a;g) ’T,aij - (3(90’[;) ’T,C,akl#ij' (3.16)

Equation (3.16) requires a constitutive law connecting the stress and the strain. As the

temperature is assumed constant, stresses are induced when the material is deformed or a

compositional change occurs, and are given by
Uz’j = Cz'jkl (Ekl — 621), (317)

where € 1s a stress-free strain, and Cj;j is the elastic stiffness tensor. Solving Eq. (3.17)

for strain leads to
€ij = € T SijkiOk, (3.18)

where S;jp is the elastic compliance tensor. Equation (3.18) can also be interpreted as an
additive decomposition of the total strain, €;; = €; +€f;, where €f; is the elastic strain, which
is related to stress using Hooke’s law.

Integrating Eq. (3.16) from zero stress to o;; gives p(o, C), the stress-dependent chemical
potential:

OeC. 0S.: el
ij ij
ac % T 0

u(C,o) = p(C,0) — < Uijakl>a (3.19)

where ©(C,0) is the stress-free chemical potential, given by Eq. (3.14)b in terms of Gibbs

energy density. Assuming the material properties are constants, the chemical potential for
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the stressed system is given by

c

O€s;
M(Oa U) = M(Ca O) - acj, 0ij,

= Z - Tij.
oClco o0C Y

(3.20)

At uniform composition and temperature, the total differential of the Gibbs energy density,

Eq. (3.13), simplifies to
dy = —¢;doy;, (3.21)

where the only contribution to strain is the elastic strain. Integrating from zero stress to oy,

we obtain ¢ for a linearly elastic solid, which is given by

2(T,C,o) = 2(T,C,0) — ¢, (3.22)

where the strain energy of the solid, ¢ = oyj€f; /2, and the Gibbs energy density at zero
stress, (T, C,0) = w + pC, using Egs. (2.21) and (3.11).

Equation (3.22) is simplified to
2(T,C0)=w+puC — ¢. (3.23)
Thus, the jump in the grand canonical potential density can be written as

[w] = [7] = €T + [4], (3.24)

where p; is the chemical potential at the interface.

The driving force for phase boundary migration is expressed using Eqgs. (3.6) and (3.24):

® =[] — wlCT + [¢] — [eis]os, (3.25)

where the last contribution represents the interface work term.
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Equations (3.20) and (3.25) are the transformed equations corresponding to Egs. (3.1) and
(3.2) respectively; they assume small strains, and exhibit the diffusion-reaction-deformation

coupling.

3.8. Research methodology and model summary

To study the systems shown in Fig. 1.2, we use concepts from Fquilibrium Thermostatics and
Kinetics. The former included a variational formulation based on the laws of equilibrium
thermostatics to obtain the equations for thermal, chemical, mechanical, and interfacial
equilibrium in the two phases as well as at the interface. In this chapter, the chemical and
phase equilibrium assumptions were relaxed to introduce kinetics into the problem. The

framework is summarized in Table 3.1.

Thermodynamics | - first and second laws Laws
- equations for thermal, mechanical
equilibrium

Interface - coherent Choice
- other possibilities: incoherent,
semicoherent

Kinetics - close to equilibrium Assumptions
- local chemical equilibrium at the
interface

- local entropy production

Table 3.1: Framework summary

The quantities to be computed include the composition of the two phases away from the
interface (C* and C), the interfacial compositions in the two phases (C% and C7), and the
stresses (o® and o) and strains (€ and €”) in the two phases. Furthermore, as the phase
boundary moves with time, location of the interface, a and z;, and velocity of the moving
interface, vy, are not known in advance and must be determined as part of the solution.

This characteristic of computing part of the domain, makes the problem at hand a mowving
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boundary problem. When the boundary is stationary, the problem is known as a free boundary

problem [100].

Moving boundary problems are often called Stefan problems, after Josef Stefan who
formulated the problem in the context of heat conduction. A Stefan condition is required
to describe the conservation of mass at the interface; this mass balance equation is given
by Eq. (3.8); it is a nonlinear equation as the interfacial concentrations and the velocity of
the interface are unknown. The kinetic equations also exhibit nonlinearities, as seen in Eqs.

(3.4) and (3.5).

To study the behavior of the two systems, we undertake two analyses for each system: a
stress-free (SF) uncoupled analysis and an elastically coupled analysis. The starting point

for each problem is the SF system at equilibrium.

3.9. Stress-free system at equilibrium

Initially, the o and [ phases are assumed to be at equilibrium with concentrations C¢, and
qu respectively, as shown in Fig. 3.1(a,b). Such a SF equilibrium state is also known as
thermochemical equilibrium.

Chemical equilibrium implies p® = p® = [teg, Which includes chemical equilibrium at
the interface: u§ = ,u? = e, Where g, corresponds to Eq. (2.28) of the framework.
Subsequently, there is no diffusion, and the B-atoms do not move. Interfacial equilibrium

implies the driving force for the phase transformation reaction is zero, ie., ® = 0;

subsequently, the velocity of the interface is 0 and the interface does not move.

From Eq. (3.25), chemical and interfacial equilibria in a SF system imply

[7] = neglCT =0, (3.26)
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ng a Ca ga
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Figure 3.1: Schematic cross-section of a spherical core-shell particle and a planar

bilayer at Ty. At equilibrium, the concentration is C., and the interfaces are at (a) r = ag
and (b) z = 29. The prescribed flux, J*, drives the systems away from equilibrium. The
kinetics of the systems include diffusion and phase transformation, accompanied by stresses,

o. The position and velocity of the interface are denoted respectively as (a') a(t), vy = —%;

(b/) Z](t), vy = dditl
where the terms related to deformation were ignored. Expanding this equation, we obtain

7(C2) = 7(C2,) — 1eg(CL, = C) = 0, (3.27)

which expresses the equilibrium condition using a common tangent construction, which is

shown graphically in Fig. 3.2.
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(Coq)
B
#(Ceq)

Gibbs energy density, ,(C)

Concentration, C

Figure 3.2: Schematic of the variation in Gibbs energy density with respect

to composition in the absence of stress. The equilibrium compositions exhibit a common

tangent.

3.10. System undergoing diffusion and phase transformation

At time, t = 0, a flux, J*, is applied to the spherical system at » = b and to the planar
system at z = 0, as shown in Fig. 3.1(a’,b’). The transport of the B-atoms induces diffusion
and reaction, which modify the stress and concentration distributions, and move the o/

interface. To analyze these effects on the two systems, the following assumptions are used:

(A1) The two phases undergo small deviations from equilibrium. The concentrations of the

B-atoms in the two phases are given by

C* =2 + 60",
(3.28)
CP =l +6C7,

where it is assumed that the concentration change, 6C < C,,; consequently, terms

containing higher orders of §C' will be ignored. Furthermore, we are able to write
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linearized Taylor expressions for the chemical potential, and Gibbs energy density,

which are given by

P = peg + Op”,
(3.29)
17 = preg + 04°,
7% =7(C8) + 1egdC7,
(3.30)

77 =2(C8) + p1eg6C”

where dp is the change in the chemical potential; in the absence of stress, it is simplified

to

ot = r*6C?,
(uncoupled) (3.31)
opP = KPCP,
A2, d? P
where £ and x” denote the curvatures of 7 KT = d?Q ce, and £ = d?Q et

(A2) The interface is at chemical equilibrium as per Eq. (3.9), which can be simplified using
Eq. (3.29) to

Suf = dpy, (3.32)

where 0p¢ and (5,u? are the chemical potential deviations just adjacent to the phase

boundary in the a- and S-phases respectively.

ocn
(A3) The system is undergoing steady state diffusion, i.e.w = 0 as per Eq. (3.3)b.

(A4) The two phases have constant material properties. Furthermore, the material

properties are the same in both phases.
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(A4) (planar case) We assume the two phases of the planar system exhibit an equibiaxial

state of stresses and strains:

(3.33)
ng = Ufz =Y
[ — Eyy €,

where € is the total strain of the bilayer.

3.10.1 Mechanical equilibrium

The kinetics under consideration assume mechanical equilibrium, as highlighted in Section
3.2. Therefore, the elastic stresses must satisfy the mechanical equilibrium conditions in the
bulk and at the interface, which are given by Eqgs. (2.27) and (2.29)a respectively. For the

spherical system, these two conditions simplify to

2
V.o o, 2 (UM _ m) =0 (in the bulk),
or r

(3.34)

N®.gT t NB.oPT =52 — ¢

rr rr

=0 (at the interface).

In the planar case, the condition for mechanical equilibrium at the interface is satisfied
trivially for the assumed equibiaxial stresses and strains because the interfacial stresses, o7
(n = a, B) are not functions of z and o, = 0. We will revisit the bulk mechanical equilibrium

condition in Chapter 5.

3.10.2 Interface conditions

The general expression for the driving force for the migration of the phase boundary or

interface is given by Eq. (3.25), where [z] — u[C] can be further simplified using Eqs.
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(3.28) to (3.30) as follows:

[7] — 1ilC] = #(C8) + 1eg0CY — (#(C2) + 11g6CF) — p1(CH + 6C} — & — 5CF),
= 2(C2) = 2(C2) + p1eg(3C] — 6CF) — pr(CE — C%) — pur(3C] — 6C9),

= 7(C8) = 7 (Co) + 1eg(6CT = 5CF) — (peq + 017)(Cly — C2y)

eq
~ (fteq + 0117 )(6C = 6C7).
(3.35)
Equation (3.35) is further simplified using the common tangent condition at equilibrium, Eq.
(3.27), and ignoring the terms containing (6C')*:

[] — mC] = =6 (CE - C2) (coupled),
(3.36)

= —/{55(]?(05(1 - (%)  (uncoupled),

where Eq. (3.31) is used for the uncoupled case. Thus, Eq. (3.25) is expanded and written

— o8, — o) + 6] — [eis]os- (3.37)

Equation 3.37 shows that the driving force for the interface motion entails three key

interfacial terms involving the stressed chemical potential, strain energy, and interface work.

The interface kinetics and mass balance condition, Egs. (3.7) and (3.8), involve the velocity

of the interface, v;, which is given by

ur=—o (spherical),
(3.38)
dz
v = d_tl (planar).
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The jumps in the fluxes and concentrations are given by [23]

[[J]]—hm(Jra—l—s Jr(a—¢)),
(spherical)
[C] = lim (C’a—ire Cla—e¢)),
(3.39)
[[J]]—h (JZ 2z —¢) = J.(z1 +€)),
(planar)
[C] = lim (C(zr —e) = C(z1 +¢)).
Fig. 3.1 shows that a + ¢ and z; — € refer to the -side of the interface; a — ¢ and z; + ¢

refer to the a-side of the interface. For small deviations from equilibrium, the jump in the

concentration for both systems is given by
[C] = C2 +6C] — (C +5CF) = C2 — C& +6CF — 5CY, (3.40)

where 0C and (50}3 are the concentration deviations just adjacent to the phase boundary in

the a- and S-phases respectively. The jump in flux, [J] = Jlﬁ — J¢, is simplified using Eq.

(3.5)a:
[ =1im { — Mo} + mees 9 !
z e—0 1 0z z1—¢€ ! 0z zr+e 7
96 oy
1 . BB Ky oyale 1223
_g%{ MPCY 5 Zl_e—I—M Cy o ZI+€}, (coupled)
_ 26C” o e oy 000
:g%{ —Mﬂ(C’fq—i-(SCI’B)K;ﬁ P ZFG—l—M (Ce +0CT )k 5, z1+6} (uncoupled)
ou’ on
[] —1111(1){ MPCPE| M| } (coupled)
d6C” 96C™
— i _ B B B B2~ a « a\ a7
_gr%{ MP(CZ, +0CT )k 5 a+€+M (Ce +0CT )k o a_ﬁ}, (uncoupled)

(3.41)
where Eqgs. (3.28), (3.29), and (3.31) were used.
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3.10.3 Boundary conditions

The flux is specified:

B
MPCP 85:0 = J*  (spherical),
B
MPCP o) =J* (coupled),
87" r=b
—Mﬁcﬁ/{'ga(éo ) = J* (uncoupled),
or r=b
(3.42)
B
]\ﬂgcﬁaaiZ = J* (planar),
B
]\45056(6'u ) =J* (coupled),
0z z=0
B
—MPCP 5000C7) =J* (uncoupled),
0z z=0

where Eqs. (3.29) and (3.31) were used to simplify.

5CPN -1 5C»
The flux boundary condition is further simplified using <1 + —3 > 11— —. For
eq eq
example, consider the flux boundary condition for the planar case:
o(6uP) J*
B B - _ 7
|:<Ceq + o¢ ) 0z :|z:0 MB’
OLN I J*
[(1+ ﬁ)(ﬂ)} =
Ch,’ 0z lz=0 MBCE,
o(ou”) L J* (3.43)
0 =0 B ’
SR VCTo/ A G IS 56; )
Ceq z=0
a(opP) A ( B M )
0z =0 M5CE, Ch 1=0""
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The same procedure is used for the boundary condition in the spherical case. Thus, the final

set of flux boundary conditions are given by

B
<@(5u ) + gﬁﬁ(goﬁ) = (K CP (spherical coupled),
or r=b !
B
(d((50 ) n C5Cﬂ> =¢c? (spherical uncoupled),
dr r=b
(3.44)
B
(8(2/: ) _ CKBCSCW) = —CKﬁC’fq (planar coupled),
d(6C*
( (dz ) _ C5C’B> = _CCeﬁq (planar uncoupled),
J* . ) . . 3
where ¢ = ——————; in uncoupled analyses, the flux boundary condition is a Robin
]\4'5:“<dﬁ(c(eq)2

condition because it involves 6C' and its derivative.

The second boundary condition specifies the concentration at the interface, which is given

by

=8 +0C]  (spherical),

r=a

= Cy, +0CY (planar).

z=zJ

n=uap (3.45)
oL
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Chapter 4

Uncoupled quasi-steady state analyses of diffusive phase

growth

This chapter considers uncoupled diffusion and phase transformation in the binary systems,
and ignores deformation. The diffusion equations are solved to obtain the concentration
deviation in the phases. The interfacial equations are used to solve the concentration

deviation at the interface as well as the location and velocity of the interface.

In the absence of stress, Eq. (3.29) simplifies to

p = Heg + k*0C?,

(4.1)
1P = fieq + KPOCP.
The chemical equilibrium condition at the interface, Eq. (3.32), simplifies to
KOSOF = KPSCP. (4.2)

In the absence of deformation, the driving force for the phase transformation reaction, Eq.

(3.37), simplifies to

o = —k75C)(C8 - C2), (4.3)
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where Eq. (3.36)b is used. Substituting Eq. (4.3) in Eq. (3.7) gives the velocity of the

interface:

‘/0 I3 «
vy = mﬁﬁécl (ng — Ceq)' (44)

4.1. Spherical core-shell particle

4.1.1 Concentration deviations

The steady state diffusion in the a-phase is described by

aJr 2
M 4.5
or i TJT 0 (4.5)
: .. oCP :
where Eq. (3.4)b is used with e 0. It can be seen that J* must vanish for the above

equality to hold because r = 0 is part of the core domain, 0 < r < a. Near equilibrium,

J* = 0 simplifies to =0, using Egs. (3.4)a and (3.29)a. Thus, 6C“ is constant. Using

the boundary condition, Eq. (3.45)a, the a-phase solution is given by

5C* = 5C°, (4.6)

where 0CY is to be determined. Thus, at steady state, the core exhibits uniform

concentration; the deviation in concentration of the core is equal to its interfacial value.

The steady state diffusion in the g-phase near equilibrium is described by

B9
g +=J% =0,
or r
1 d ; ,d5C?
s (P g) =0 4D
d ; ,doC?
%(T dr ) =0,



where Egs. (3.4)a and (3.29)b are used to simplify. Integrating twice with respect to r:

5CP(r) = —% + B,.

At r=a, 6CP = 50? as per Eq. (3.45)a, and we obtain

A

B, =607 + =,
a

Thus, the deviation in concentration in the shell is given by

5CP(r) = ASG - 1) 5C?,

a r

where A and 50? are unknown. Using the flux BC, Eq. (3.44), we obtain
((Chy=0C)) ¢l

GG {FrG-3))

Thus, the concentration field in the shell is given by

s —

Cqu (1 1)

Gre-ob

5CP(r) = 6CY + -—-)

where only a is a function of time.

4.1.2 Interfacial concentration deviations

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

For the quasi-steady state analysis, 0C% is independent of r; subsequently, the derivative in

the second term of Eq. (3.41) is zero. Substituting Eq. (4.12) in Eq. (3.41) (uncoupled), and

setting the velocity of the interface from the mass balance condition equal to the velocity of
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the interface from the phase kinetics equation, we obtain

s MPRT(CE)*Cy ¢
00T = (Ch — C2)2Vy 1 I 1\’
IV e{g (G -5))
(4.13)
B J*RTCy 1
G =GP el Ly (o))
b? a b
where (5015 )? terms were ignored, and the definition of ( was used to simplify.
The interfacial concentration change in the core is given by Eq. (4.2):
B
509 = %50?. (4.14)
4.1.3 Interface kinetics
Using Eq. (4.13)b in Eq. (4.4), we obtain
da J* b?
= — , (4.15)

dt - (ch-cg) {1+t -1)}
which alternately, can also be derived using the mass balance condition at the interface.

Integrating the equation from ¢t = 0 to ¢ gives the location of the interface:

(a® — ap)

3

(a® — a?) J*b?
+ (b = — t, 4.16
¢ 5 (% o) (4.16)

eq

(1—-¢b)

where ag is the position of the interface at ¢t = 0.
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4.2. Planar bilayer

4.2.1 Concentration deviations

For uncoupled steady-state diffusion and small deviations from equilibrium, the diffusion Eq.

(3.5) for the S-phase simplifies to

2508
0*C" _

= 4.17
822 ) ( )
which results in a linear variation of the concentration field with respect to z:
6CP(z) = Ayz + B,. (4.18)
Using the BCs, Egs. (3.44) and (3.45), we obtain
C.Ceﬁq - 60?) CCeﬁq
P 1+<21 - ]-+sz7 (419)
C(CP — 6072 CCP =
B, =6CY = =46Cy =
b I+ 1+CZ[ [+1+CZI’
which results in the following quasi-steady state solution:
B
5CP(z) = 6CY + <Clg (z1 — 2),
L+¢z (4.20)
/{/B

where only z; is a function of time.

4.2.2 Interfacial concentration deviations
For the quasi-steady state analysis, dC is independent of z; subsequently, the derivative in

the second term of Eq. (3.41) is zero and [J] simplifies to

06CP

Z lzr—e

[J] = —MP(CE + 6C7)K° lim (4.21)
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Substituting Eqgs. (3.40) and (4.21) in Eq. (3.41), we obtain

d6C”? N . sodzr
e (Ce, —Ch +6Cy — 0CY) == (4.22)

~MP(C8 + 6C7)K" lim

Using the steady state solution of Eq. (4.20), and Eq. (4.4) into Eq. (4.22), and ignoring

higher orders of 50? , we can solve for 6016 , which is given by

MﬁRT(qu)ZCA ¢

0C) = — 5 ,
(Ceq — C2)* Vo (1 + CZ[)
(4.23)
B J*RTCy 1
/‘fﬁvo(cgq - Ceof;)Q (1 + Cz;) 7
where the definition of ¢ was used to simplify.
4.2.3 Interface kinetics
Substituting Eq. (4.23) in Eq. (4.4) provides the velocity of the interface:
d *
el J . (4.24)
dt - (ch-cg) (1+¢x)
Integrating the equation from ¢t = 0 to ¢ gives the location of the interface:
J*t
21 + gz? =29+ g(z?)Q + (4.25)

(qu —~ ng) ’

where 29 is the position of the interface at t = 0.

4.3. Discussion

By ignoring deformation, we are assuming the two phases are rigid and incompressible.
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4.3.1 Planar limit

b

Let us consider the solution when a and b approach infinity with b — a and — maintaining
a

finite values, which corresponds to a planar limit. To check if we recover the planar solution,

we consider Eqs. (4.12), (4.13), and (4.15) with these limits.

By comparing the geometric and planar pictures, we notice the following limits:

b—a— zy,
b
lim 2 — lim 2% g (4.26)
a—00 a—00 a

r—a— 2z — 2.

Thus, the geometric terms appearing in Eqgs. (4.12), (4.13), and (4.15) are simplified to

1 1
(E_;) B r—a 21— %

R

(4.27)

(2 =1) = CUb—a) > o

which correspond to the planar terms in Eqs. (4.20), (4.23), and (4.24).

4.3.2 Limit analysis of the spherical solution

b
Consider the kinetic regime given by Cb(— — 1> < 1. This limit can also be written as
a

((b—a) < 3.

The velocity corresponding to this limit is given by

* 2
da _ —J—b—Q. (4.28)
dt (ng _ Ca) a

€q
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The location of the interface corresponding to this limit is given by

33 -
i 5‘] A (4.29)
3 (Ceq — Cy)

€q

where only the cubic terms appear.

b
Next, we consider the kinetic regime given by ( b(— — 1> > 1. The velocity corresponding
a

to this limit is given by

da J* b
—=— : (4.30)
dt (C«gq _ C%) Ca(b — a)
The location of the interface corresponding to this limit is given by
3 _ .3 2 2 *
3 2 ((Ceq — C&)

where both cubic and parabolic terms appear.

4.3.3 Stress-free diffusive phase growth

The closed-form equations describing the uncoupled growth kinetics for the two geometries
represent the diffusive phase growth in the absence of stress. These kinetic equations include
thermodynamic-kinetic parameters instead of fitting parameters and compare well to the

classical (SF) kinetic models.

To compare the derived growth kinetics to the well-known G-B model for spherical particles,
ap is set to b as the G-B model does not consider an initial thickness; Eq. (4.31) can be

expressed as

(C5)?
(C8 — Coyp?

€q

3—-26—3(1 -6 =6MPKP (4.32)
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where £ is the extent of reaction, introduced in Chapter 2. It is iterated that for ideal dilute
solutions, the mobility of the B-atoms is related to their diffusivity via M = D/RT in Eq.

(4.32).

Equations (4.32) and (4.25) compare qualitatively to the G-B and D-G models respectively,
given by Egs. (2.31) and (2.32).

4.3.4 Validity of the steady-state assumption

The solutions are quasi-steady state (QSS) approximations because they were derived in the

presence of a moving interface by assuming steady state diffusion.

Consider the dimensionless parameter, Aggss, which is given by [23]

B-atoms in the bulk
B-atoms at the interface

AQss =

(4.33)
85C"

ot

[C] - surface area of the interface - v

- volume of film

For example, for the planar system, using Eq. (4.20) for z = 0, where the maximum deviation

in concentration occurs, A\gss is derived and is given by

JBRTCA QZ]
(¢- )
TRV (Cly — Cg)?/ (14 Car)? (4.34)
)\ng = 3 .
(Ceq — C&)
. .. 06C” -
The quasi-steady state assumption (i.e. 5 ~ 0) is valid when A\ggs < 1.

Further discussion related to the growth kinetics results is presented together with the

elastically-coupled discussion in the next chapter.
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Chapter 5

Elastically-coupled quasi-steady state analyses of diffusive

phase growth

This chapter formulates and solves the steady-state problem of elastically-coupled diffusive

phase growth for both spherical and planar geometries.

It is assumed that the spherical deformation is axisymmetric; subsequently, 8 = ¢, and the
displacement in each phase, u", is a function of r only. The planar system is assumed to be
in an equibiaxial state of stress and strain.

5.1. Strain contributions

For small strains, the total strain of each system can be written as
€ij = 6% + € (51)

150

where €® denotes elastic strains, and ¢° denotes diffusion-induced strains.
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Furthermore, the total strains are related to the displacement u(r) of the axisymmetric

spherical problem:

du
Erp = d_’

ur (spherical) (5.2)
€pp — ;

5.1.1 Diffusion-induced strains

Diffusion-induced strains are stress-free strains that arise because changes in chemical
composition lead to chemical expansion which produces a change in lattice dimensions, and
hence volume. To model these strains, we assume the solutions generate isotropic volumetric
(or dilatational) strains; subsequently, we can assume the solid solutions obey Vegard’s law
which states that the diffusion-induced strains vary linearly with concentration, which is

expressed as [31]

0
© = 60T
€ 3 s

or (5.3)

Q
Egj = 5506”,

where (2 is the partial molar volume of the B-component at zero stress. We assume 2 has

the same value in both phases.

5.1.2 Elastic strains

For an isotropic, linearly elastic material, the elastic strains are given by

1
efj = I [(1 + V)Uij — VUkk5z'j]7 (5.4)

where v is Poisson’s ratio. The stresses are generated because of composition changes;

consequently, they are often known as diffusion-induced stresses (DISs) in the literature.
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For the spherical system, the constitutive equation is derived in Appendiz D and given by

Eq. (27):

- . (5.5)

€
v 1 €50

For an equibiaxial state of stress and strain, the stress-strain relationship, Eq. (5.4) simplifies

to
o'l = E" en
o n=a,8 (5.6)
=FE"(e — €M),
where E = 1 , and is called the biaxial modulus.

In summary, we have two binary systems where the mobile interstitial B-atoms diffuse and

generate stress-free strains, ef]" The A-lattice resists this volume expansion and undergoes

n

elastic strains, efj , generating elastic stresses, o}, in each phase. The nature of the elastic

stresses and strains is governed by the system geometries.

5.2. Core-shell particle

Introducing deformation into the analysis leads to five new unknowns in each phase: o,
Tog, €, €59, and u(r). This requires five equations which are given by the two equations
of (5.2) combined with Eq. (5.1), the two equations of (5.5), and (3.34)a. All unknowns

depend on 7 and dC'. Furthermore, we have the following conditions at the outer surface
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and at the interface:

O'TTL:b =0 (traction-free surface),
u“(r)‘r_a =’ (r)‘r_a (displacement continuity at the interface),
B h (5.7)
Ol g = ol —a (mechanical equilibrium at the interface)
ops = ou? (chemical equilibrium at the interface),

where Eq. (5.7)c is a consequence of Eq. (2.29)a.

Following Bower et al. [23], the method of solution to obtain the concentration deviation
in the shell entails solving the steady state diffusion equation, applying the flux boundary

condition, and incorporating the shell mechanics by eliminating the displacement.

5.2.1 Core thermodynamics and mechanics

Under quasi-steady state conditions, the core is in a hydrostatic state of stress because the
concentration change in the core is independent of the radial coordinate, r, and only depends
on the interfacial position, a, because 0C* = 0C§¢. Subsequently, the DIS is independent of
the radial coordinate as well. Thus, 0 is not a function of r; hence o7, = ogy = 05, = P,

where P is the hydrostatic stress in the core. Using Eq. (5.5), the elastic strains are given

by
(1—2v)
o =€y = ——P. 5.8
€ pr € 90 E ( )
Using Eqs. (5.2) and (5.8), we obtain
du®  u®
—_— = 5.9
dr r (5.9)
Integrating with respect to r gives the displacement in the core:
u®(r) = upr, (5.10)

59



where up is a constant of integration and determined using Eqs. (5.10), (5.1), and (5.2):

up = = €90 + €00
(1— ) 0 (5.11)

where Egs. (5.3) and (5.8) were used to simplify. Thus, the displacement in the core is given
by

wuq:{gigﬁp+%&ﬁ}ﬁ (5.12)

The chemical potential change in the core is given by

Q
out = K*C* — gP. (5.13)

The unknowns in Eqgs. (5.12) and (5.13) include P and 6C¢, which will be determined using

the conditions at the interface.

5.2.2 Shell thermodynamics and mechanics

First, the steady state diffusion in the S-phase is considered, which is described by Eq. (3.4)

B
with (98% = 0. For small deviations from equilibrium, we obtain
0 oo’ 2 o6uP
98 8 28 8 _ 14
é%%QﬂWC)aT}+AQﬁJC)aT 0, (5.14)
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which is simplified to

0?61 20618
or? +; or =0,

1 { o) <r28(5u5>} o, (5.15)

r2 Lor or

B
S5 <o

where r # 0 because it is not part of the S-phase domain. Integrating twice with respect to

r, we obtain
8 “
o’ = —— + co, (5.16)
r

where ¢; and ¢y are constants of integration. Using Eq. (5.16) in the flux equation (3.44),
we obtain
J*

- = ) 1
b? * MCZ, ¢ r=b  MCq, (5.17)

Second, the shell mechanics is considered. To obtain an expression in terms of the
concentration change only, the displacement is eliminated, and the subsequent mechanics
terms are used in the chemical potential expression. To undertake this procedure, we begin

with the total radial and hoop strains. Using Eqgs. (5.1)-(5.4), the total hoop strain is given
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uﬁ e cfB
o G + €995
B
_ T _ Vs, 8y s
% E(am, +0,y) + 350 : 5.15)
= F - E(arr + Oy + 550 )7
1— Q
= —%ofr + ( EV>059 + géCﬁ.
Thus, the displacement experienced by the shell is given by
1— Q
u’ = —%TO‘ET + ( Z V) raga + gr(SC’ﬁ, (5.19)
which can be differentiated with respect to r to obtain
du? v ( dof (1—v)( ol Q déC”
auw” v o, B 0o , B } _{ S ,6’} 9
T e e o T ) Bt (i S CE)
Using Eqgs. (5.1)-(5.4), the total radial strain is given by
duP
% - 667'7" + ecfrv
O'B 14 B B Q
_Zrr B
ol v Q
=5 - E(Uge +0gp) + §5CB-

Equating the two expressions for ‘3—1;, Egs. (5.20) and (5.21), we obtain

(1+v), 4 s Q( d505> v ( 80;?}) N (1-v)) <r8<7§6>‘ (5.22)

E (0"_009)25 " dr E " or E or

Substituting the derivative of radial stress from the mechanical equilibrium condition, Eq.

(3.34), in Eq. (5.22), we obtain the partial derivative of the hoop strain in the shell:

dogy b — 0y QEdC” (5.23)
or r 3 dr '
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The chemical potential change is given by
B _ BsB 0 B B
o = k70C 3 (07, + 20y,). (5.24)

Taking the derivative of Eq. (5.24) with respect to r, and substituting Eqs. (3.34) and

(5.23), we obtain

9op°  ,dsC®  Q90f. Doy,
_ _0e rr 2
or " 3(87"+ 07')’
(5.25)
dsCh
& dr '’
where
B __ B 2— 2
K7 =k 4+ —EQ°. (5.26)

9

Using Egs. (5.16) and (5.25), we obtain an expression in terms of the concentration change

only, which is given by

déCﬁ . C1

=, 2
dr K'Pr2 (5.27)
Integrating and using the BCs, Egs. (3.44) and (3.45), we obtain
5CP(r) = 607 + L (l - 1) (5.28)
L wB\a 1)’
/C,B
where <& — CCey )
)
a b b?
Thus, the concentration field in the shell is given by
5CP(r) = 5C° + CCa (1 - 1) (5.29)
! a 1/’ '

(G-7)+7)
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where 6C} will be determined from the interfacial conditions.

5.2.3 Stress field

Equation (5.29) is now used in the mechanics equations, Eqs. (5.18) and (5.21). The
subsequent set of two equations can be solved for the two stresses, which are expressed in

terms of displacement and concentration change, and given by

E uf T Y)
A= - ) _ = G
Trr (1+u)(1—2u){2” P b e AL } (5.30)
E u’ du?  Q '
6 _ u’ U 8
760 (1+V)(1—21/){ r +Vd7“ 3<1+V)6C }

Substituting the stresses given by Eq. (5.30) in the mechanical equilibrium condition, Eq.
(3.34), we obtain a second-order ordinary differential equation (ODE) for the displacement,

uP(r):

v 2du® _u® Q1 +v)déC?
PR i
dr?  r dr

2 3(1—v) dr
) " (1=v) dr (5.31)
duﬁ+2d (u5> Q1 +v)
dr? dr\r/)  3(1—v)w
Integrating with respect to r, we obtain
du®  2uP Q1+v)Ls
+—=——( )”—B-I-uh (5.32)

dr o 3(1—v) r

2

where u; is constant. The ODE is now first order; the integrating factor is r*. Solving this

equation provides an expression for the displacement:

Q1 +v) m o U
B - _= = 4=
wi(r) 6 (1—v)r" 3t

(5.33)

where the two unknowns, u; and ug, are solved using the first two conditions of Eq. (5.7).

For the first boundary condition, we substitute Eq. (5.33) in Eq. (5.30)a and set the radial
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stress to zero at r = b, which simplifies to

Ul U9 Up Q B Q C1 1 1
1+ ) o1 —2) 2 1950 g (2 o2) =
(L4 v)5 =201 = 2v)g + w37 = 5 (1 +v)oCT — = +V>/f’<a b) 0, (5.34)
(1 —2v)uy Qe 92(1—2@ :

(51 =6

(1+v) 0® K bk (1-v)’

To obtain a second expression in terms of u; and us, we use Eq. (5.7)b, where the two
displacements corresponding to the two phases are given by Eqs. (5.12) and (5.33); the

substitutions lead to

1—-2 Q
{(TV)P‘I’géC}X}a:UO—FﬂCL"’%

. 9.35

Solving Eqs. (5.34) and (5.35) for u; and uy, we obtain

uy 1 21 —2v)* P _, Uy

=a —

3_(1+I/+2(1—2u)d3>[ i-v) B a

{2 w4201 - 20)d® — 2(1 — 2u)a}

0 QO
+2(1 - 20) 807" + (1+ u)géCf],

(5.36)
3 1 1-2v)P
Uy = ¢ [( il ”):+@{1—3y—2(1—2u)a}
(1 4201 21/)&3) (1-v) E a (5,37
Q
s — 507
+ (L +v)5 (37 —oc7)],
Q(1
where a = %, Uy = ~% El i_ Zi % and % is known from Section 5.2.2.
Next, we solve for P using Eq. (5.7)c, which is given by
E Q Uo U1l U2
= - Q1 P w4 (1+v)= —2(1—2w)—]|. :
(1+y)<1—2y)[ S (1 00C] 20 (L) =21 =2 3] (5:39)
Substituting u; from Eq. (5.34) into Eq. (5.38), we obtain
3(1—-v Q u
(a3 >u2 - 5(14—1/)((50}”—50?)—;0(1—1/). (5.39)
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Extracting us from Eq. (5.39) and setting it equal to Eq. (5.37) provides an expression for

P and consequently the stress state of the core:
¢'Cly
1 1 1
"N—-—-- — cab
{C <a b> T }a

Equation (5.30) requires the concentration change and displacement of the shell, given by

o [0 —
Opp = Ogg = P = [

- (@—1)%(a+2) —2(1—a) (50 — 50?)]. (5.40)

Egs. (5.29) and (5.33) respectively; the latter equation also requires Eqs. (5.36), (5.37), and

(5.40). By making these substitutions, we obtain the stress state of the shell:

_=[2 N oy _ §2 ¢'Cl, (L=7) o, car | 20 oo

JTT—E[gQ(l—r )ﬁ(éC’I _501)_%{C/<1_l> l} ——(a° +a" 7 + a7 — 3r )},

a b b2
0 a 0 ¢es (@ — 67° + 2a%7 + 372)

oo = B|—(1+27%)=(5CF — 6C7) + — =g

To0 |:9( + r>7"3< 1 I)+6b{<,<1_1>+i} 373 :|7
a b b2

(5.41)

where the only unknowns are the interfacial concentrations and the location of the interface.

5.2.4 Interfacial concentrations

The last leg of the steady state analysis entails the computation of the thermodynamic and
kinetic characteristics pertinent to the interface, namely the location and velocity of the

interface and the interfacial concentrations.

First, we consider the condition of chemical equilibrium at the interface given by Eq. (5.7)d;
using Egs. (5.13) and (5.24), we obtain

KAGCY — QP = K250 — 2

),

Q =a
KAOCY — QP = kP50 — S(P+ 205, ) (5.42)
20
KOO = K76CT + = (P oo )
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where Eq. (5.7)c is used to simplify. We can simplify this equation further using the hoop

shell stress at the interface from Eq. (5.41)b which leads to

2E0?

k46O = KP6CY — (34 4a*)(6CF — 6C7). (5.43)

Simplifying the above equation gives the first equation for the unknown interface

concentrations:

2EQ?

kP + (3 + 4a?)
5C = ( 2%?)2 ) 50?7 ke £ kP,
K + 3+ 4a3
( 27 ( >) (5.44)
6Cs = 6C7 kY = KP.

To obtain a second equation involving the interfacial concentrations, we consider the phase
kinetics. We have two expressions for the velocity of the interface: the mass conservation

Eq. (3.8), and the phase kinetics Eq. (3.7). Equating v; of both equations, we obtain

Ve o
U= ® = 1]’ (5.45)

Using Egs. (3.40) and (3.41) for the flux and concentration jump terms, we obtain an
expression for the driving force:

J*CARTV?

d—
Voa{1+ (2 — 1) (G - Cg)

. (5.46)

Equation (3.37) is another expression for the driving force; it requires computation of the

interfacial strain energy of each phase and the interface work term for the spherical system.
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The strain energy of the core is given by
1

P* = §Ufr€30 + 000
(5.47)

where Eq. (5.8) is used to simplify. The strain energy of the shell is given by

1
_ B 8 B
¢’ = §0§r606 + Opoop- (5.48)

The jump in the strain energy at the interface is given by [¢] = Qﬂr:a — ¢* = 0. The

interface work term is given by

[e] 0% =(f. —€2)| P, (5.49)

rr
r=a

where €, of each phase is related to the corresponding displacement via Eq. (5.2). Using
the expressions for the displacements, given by Eqgs. (5.12) and (5.33), in Eq. (5.2) for each

phase, we obtain

[] - 0% = EQ2(1 +v) C’qu (@— 1)2(& +2)
27(1 —v) {C(%_%)er%}

where Eqgs. (5.36) and (5.37) were used; this step completes the expression for the driving

(60 — 607, (5.50)

force, given by Eq. (3.37) for the spherical case. Thus, for the two unknown interfacial
concentrations, we now have two expressions, given by Eqgs. (3.37) (with (5.46)) and (5.44),

which can be solved for the interfacial concentrations.

The interfacial concentration solution is presented for the special case when the curvature of
the Gibbs energy density, k, is the same in the two phases. The first equation for interfacial

concentrations corresponds to Eq. (5.44)b, which implies the interface work term does not
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contribute, as per Eq. (5.50). Subsequently, using Eqs. (5.74) and (5.46), we obtain

o J*CARTV?
_5/*6](06 Ceq) = = b L 3

Vo {1+ b(2 = 1) }(Cly - Ciy)
5.01
s J*C,RTV? (5:51)

opy = ) b 5
Vo {1+ b(2 = 1) }(Cl, = C
Using Eq. (5.24) on the left-hand side of the above equation, we obtain
* Tb2

R80T — = ( of 4 2099> S OaR (5.52)

= Vo1 co( — 1) JCh - )

which can be further simplified using the solutions for the shell stresses, which leads to

e 92 [ ¢'Chp? (@a—1)%(a+ 2)] B J*CARTH?
oy {1+ -1} ab Vo {1+ o[ = 1) }(Chy - Ca)r
(5.53)
Thus, the solution to the interfacial concentrations when xk® = k” = k is given by
N J*b? CuRT EQ? (a—1)%(a+2)
508 = 5% = [ AT . ( e ] (5.54)
/-m{l +cb(t - 1)} Voa(Céy — C&)? MPrCE

5.2.5 Interface kinetics

Using the mass conservation Eq. (3.8), the velocity of the interface can be calculated:

da J* b?

— == . (5.55)
dt(ch - ) {1+t 1)}
Integrating the equation from ¢t = 0 to ¢ gives the location of the interface:
3 _ .3 2 .2 J*b2
1— el ) | pl@ — @) t 5.56
[ rery (5.56)
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5.3. Planar thin-film bilayer

To investigate the stresses in the planar system, consider the substrate or the a-phase, as
shown in Fig. 5.1. The B-atoms are inserted via an applied flux to create a thin layer of the
[-phase. In general, the stresses and strains in the two phases are non-zero, and bend the

bilayer.

B-atoms

AR AALAALAAR AL

Figure 5.1: Schematic of the fabrication of the bilayer. The applied flux introduces B-
atoms leading to diffusion of B-atoms, chemical reaction which forms the g-phase, and elastic
deformation of the two phases. The applied flux is then stopped. As the kinetics (diffusion
and reaction) subside, the two stressed phases exhibit uniform equilibrium concentrations;

h® and h® denote the thicknesses of the substrate and film respectively.

5.3.1 Bilayer deformation

The total strain of the bilayer is expressed using laminate theory [101]:

s
e=c+ % (5.57)

where the three unknowns are the uniform strain, €, the location of the bending axis, hy,

and the radius of curvature of the bilayer, r,. The bilayer is freestanding and unconstrained.
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The linear relationship between the strain and the thickness coordinate is a consequence of
the Kirchhoff hypothesis, i.e. the deformation is entirely because of bending and in-plane

stretching; transverse shear and transverse normal effects are ignored.'®

Subsequently, the effects of the resultant forces because of the uniform strain and bending
components are zero, and the total bending moment with respect to the bending axis is also

zero. Following the procedure by Hseuh [102] to apply these three conditions, the solution

is given by
Q —x —=B
o S (E s BnC?)
€ =
Ehe + B b
—8 —
E (W?)? — E (h*)?
o E0R=F ey 559
2B he + E'h¥)
S nld « « Q «
. 6EE"hh (h° + h7) 5 (607 — 6C°)

m (EM)2(he )t + (B))2(h8)* + 2BV E hehB(2(he)2 + 2(h#)2 + 3hohf)
where 0C' is constant for the bilayer in Fig. 5.1. Using Eqgs. (5.1) and (5.6), the stress

distribution in the bilayer simplifies to

—5. .0 .

R E hﬂg(acﬁ—(sc ) 2= hy
7= [ % o =0 + r }’
E hoe+ E hP

.
BT (5C* - 5CF) _
Uﬁ:Eﬁ[ —a3 - +z hb]‘

E he +E hP r

(5.59)

5.3.2 Thin film simplification

In the limit of a thin film on a substrate, we can forgo the consideration of the stress

distribution through the thickness. Instead, we consider the average stress through the film

107t is also noted that the total strain, Eq. (5.57), satisfies the compatibilty condition for this system [103],
2
=0.

d“e

which is given by 12
z
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thickness, which is given by

1 [
7’ = —/ oﬁdz,
0

FQF’BhO‘%(Fa(h")?’ + B (WP (60 — 5CF) (5.60)

(B 2(he)* + (E7)2(h8)* + 2B E hohB (2(he)2 + 2(h8)2 + 3hehB)

When h? < h®, Egs. (5.58), (5.59)a, and (5.60) simplify to

(5.61)

o = Eﬁg(é(}“ —5C?).

Therefore, for h? < h®, we can assume the substrate is stress-free, the curvature of the
interface is negligible, and the stress in the thin film is given by its average stress; this
completes the description of the deformation of the binary bilayer at equilibrium, and is

depicted in Fig. 5.1b.

5.3.3 Diffusion and elasticity formulation

Before undertaking the coupled analysis, we revisit the framework results which entail
deformation and recast them in terms of the average stresses. To do so, we consider the

hydrostatic stress, oy, for the thin film, which is given by

3 agm + agy + afz
oy, = 3 ,

afm + crf,y

3 (5.62)

Q
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Appendiz E shows that the mechanical equilibrium condition can be written in terms of the

hydrostatic stress and concentration as [104]
V.(on+1C) =0, (5.63)

2__
where I' = §EQB. For our system, Eq. (5.63) simplifies to

2

Equation (5.63) entails Laplacians of the hydrostatic stress and the concentration of the
mobile B-atoms and displays their proportionality. In the absence of concentration effects,

the equation simplifies to a well-known harmonic equation of linear elasticity [105].

Diffusion is driven by gradients in the chemical potential, which is stress-dependent for the

p-phase; Eq. (3.20) is simplified using Egs. (5.3) and (5.62) to

08
W’(C,0) = 1(C,0) — ?52‘3’02@-,

OB

_ B B

= u’(C,0) — —o,,

(C0) = e (5.65)

= uP(C,0) — Q%)

2

Equations (3.5)a and (5.65) show that the diffusive flux has two components: the first
corresponds to the stress-free chemical potential gradient, and the second contribution is

from the gradient in hydrostatic stress.
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The driving force for the phase transformation reaction, Eq. (3.25), under the assumed state

of deformation is simplified to

@ =[] — ulC] + ¢,
= [l =l + %(Uﬁf +—5(0p,)%, (5.66)

a’)?
— L] - wilcl + (Eﬁ |

Thus, the stress modifies the kinetics of diffusion and reaction via the chemical potential and

the reaction driving force, as shown by Eqs. (5.65) and (5.66).

Mechanical equilibrium is trivially satisfied by the stress-free substrate, and it is satisfied by

the hydrostatic stress in the film as shown by Egs. (5.64), (5.62), and (5.61).

The Gibbs energy density of the film is now a function of concentration and stress. In

general, the common tangent construction need not apply.

5.3.4 Solution

It is assumed that the substrate remains stress-free and the interface remains planar during
the kinetic processes. Therefore, the problem is to solve for the new concentrations of the
phases, C® and C?, the velocity and location of the interface, v; and z; respectively, and the

thin-film stress, o”.

Similar to the uncoupled case, we assume the system undergoes small deviations from
equilibrium. We undertake a quasi-steady state analysis, i.e. the bilayer is undergoing
steady state diffusion and only the interface moves with time; subsequently, the concentration

deviation in the film is only a function of z.
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We assume the thin-film stress has the same nature as the equilibrium case, and thereby,

exhibits the following relationship to the concentration deviation:
_3 =8 Q o B
o’ ~F 5(50 —0C"(2)), (5.67)

where 6C* = 0C§, which is constant for a given z;.

For small deviations from equilibrium, the chemical potential of B-atoms in the S-phase can

be written as
Pl + op”, (5.68)

where §° is obtained using Eq. (3.20):

ol (CP,0) 2 0o’
suP =22 2 soP 20— | §C°
# acr 1.0¢ ~9%%a 1..0¢
9%, (CP.0 _
_ 9,(C7,0) h )| 508 + 25 arscn,
oc? “ ) (5.69)

= (k" + gﬁﬁm)aoﬂ,

= k"P5C5,
where &' was introduced in Eq. (5.26).

Thus, the chemical potential of the stressed thin film undergoing small deviations from

equilibrium is given by

RS ,ufq + KP5CP. (5.70)

Terms containing second order deviations, (§C')?, are ignored, subsequently, the driving force

for the phase transformation reaction is simplified and given by ® = [~] — 1;[C].
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We find that the equations to be solved are exactly the same as the uncoupled case if the
curvature, x°, is replaced with the new curvature ’?. Therefore, the results of the elastically-
coupled analysis are given by

C* =Cg, + 4607,

CF =8 +5C7,

8
50°(2) = 609 = %5Cf7

108
5CP(z) = 6CY + CCey (z—21), (5.71)
]_ —|— C/Z[
*RT
509 — J*R CAﬁ |
n/ﬁvo<1 + g'z1> (Ceq — C2)?
dzr J*

dt (qu - ng) (1 + C’z1> ’

J*RT
where (' = —— Integrating the final equation from ¢ = 0 to t gives the location of
DPR!P(Ceq)?

the interface:

J*t
(Oﬁq —~ (Jg;) |

!/ C/
i+ 222 =20+ 2 (29?2 +

; ; (5.72)
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5.4. Discussion

5.4.1 Stress-enhanced diffusion

The driving force for diffusion in the g-phase, i.e. the gradient of the chemical potential
is found to be ddu/0x = Kk'doC/dx, where z=r, z for the spherical and planar systems
respectively. Thus, diffusion in both systems is governed by &' = &? + gE’BQ?, which can
be interpreted as an increased curvature of the Gibbs energy density for a stressed system.

Subsequently, the effect of stress on diffusion can be interpreted as stress-enhanced diffusion

(SED).

This effect is illustrated by considering an ideal dilute solution model: z%(C,0) = ul +
RT In (g—j), where o is the chemical potential of B-atoms under standard conditions
(generally, 1 atm pressure and system temperature). The gradient of the chemical potential
simplifies to %Lj = (% + %E’BQ2> 88%&. Using the mobility of ideal solutions, M = D/RT,

the flux is given by

DACP (RT 25 92) aCs

B _ _ e o
J RT CB+9 0z’
—=B
2E°0? oCh
— _B z B (5.73)
D(1+9RTC>82’
oCP
—_pl_
ff 5,7

where the effective diffusivity is given by DEH = DF <1+%%Cﬁ > . Equation (5.73) resembles

Fick’s law of diffusion with a stress-dependent diffusivity, and entails the contribution of the
local volume expansion (arising from the local change of composition) to diffusion; Dfﬁ«

reduces to D? in the absence of stress.

The DIS literature, particularly with respect to LIBs, extensively uses stress-enhanced

diffusivities as well as the general L-C stress-dependent chemical potential; consequently,
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the L-C publications are largely cited for their coupled chemical potential result and SED

63,106-110].

5.4.2 Coupled reaction driving force

The driving force for the phase transformation reaction in the presence of deformation is

given by [35,99]

® =[] — O] + [¢] - [ei;]08,
= =617 (C5, = C&) + [8] — [e]05-

The chemical potential change for the spherical system is given by

EQ? ¢'cy N i N
o = = | (@ — 1@+ 2) - 201 - @) (0Cy — 6C7))
(\—-—=)+—=rab
o’ = 60’3{%52 2%92 b> ?2_5 <) Q’
I e 22 s
S ORI S
a b b2

The chemical potential change for the planar case is given by Eq. (5.69).

5.4.3 Growth kinetics

(5.74)

(5.75)

The equations for the growth kinetics of both geometries match the uncoupled solution, but

for the x’® term instead of x°, and consequently the ¢’ term instead of (.
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For each phase, the variables for stress, and deviations in chemical potential and

concentration can be cast into their dimensionless forms:

S
<.

~ _ 2
045 = )

|

J

ch —Ce
& ).
f(ceq) _/(CEQ)
oC
(C&—Cg)’

€q

=
Il
~

(5.76)

==
@
I

where, following Bower et al. [23], the dimensionless material parameters are given by

J*(qu - ngz)b
T MACH((Ca) — #(CE))
J* C4RT
 Vo(Cly = C) (#(C2) — #(C))
A B (5.77)
3(7(C2) — #(CE))’

Q= Q(C’eﬁq - C(?q)7

R(CE — C2.)?
(#(C2) — £ (Ch))

The rate of insertion of B-atoms to the rate of diffusion in the bulk is given by A; the rate of

Y

insertion of B-atoms to the rate of phase boundary movement is given by ©. The solubility

of B-atoms in each phase is quantified by T'.

r a
For the spherical system, r = 3 and a = 5; the latter notation was introduced in Section

5.2.8. Subsequently, the location of the interface, Eq. (5.56), is cast into its dimensionless

form:

(1 U= Kol @ ) | 300~ Ky) (@~

=t 5.78
(30 1 24) 3 @l r2h) 2 ! (5.78)

where Kp = C2,/C8 and t = t/(b(C5—C&,)/J*). This equation can be visualized graphically

to analyze the effects of elasticity and chemical thermodynamics; for example, in Fig. 5.2,
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Figure 5.2: Normalized interface location, @, vs normalized time, . Three solutions
are presented, corresponding to A = 0,0.5,3. The circles show the results for A = 0.5; the
triangles correspond to A = 2. The remaining material parameters are selected as follows:
© =0.5,T =1, and Kp = 0.5. Initially, the interface is at ag = 0.8. The solutions were
evaluated in MATLAB®.

the uncoupled solution (A=0) is presented together with two elastically-coupled solutions
(A=0.5, 3). The triangles (A = 2) illustrate the results for faster transport of B-atoms
through the bulk compared to the circles (A = 0.5); in each case, the results show that the
diffusive phase growth is enhanced in the presence of elasticity. The chemical and mechanical
contributions to the driving forces of diffusion and phase transformation dictate the interface
growth; the interplay is especially noted in the two cases corresponding to A = 0.5, A = 0.5,
and A = 2, A = 3, where the two sets of material parameters exhibit comparable phase

growth.

80



5.4.4 Limit analysis

The nature of equations (4.15, 5.55) and (4.24, 5.71f) cue a limit analysis of growth kinetics
involving ¢ or (' and the thickness of the [-phase; a limit analysis was undertaken for
the uncoupled core-shell model in Section 4.3.2. This analysis reveals reaction-dominated
behavior at smaller thicknesses, and diffusion-limited behavior at greater thicknesses; in the
planar case, this manifests as linear growth when reaction is dominating the kinetics, and
parabolic growth when diffusion is predominant:
T
(qu —~ Og])
Cor> 1 %% = (Z§)2 PR
(qu —~ ng)g

Czar<1: z(t) =20+ t,

(5.79)

The parameter, 1/(, can be interpreted as a critical thickness which characterizes the two
growth regimes [111]. In the presence of DISs, the parameter is 1/{’; and 1/ > 1/(;
however, the qualitative nature of the growth kinetics remains the same, as seen in Eqgs.

(5.55) and (5.71)f, and illustrated in Fig. 5.2 for the coupled spherical model.

It is noted that these linear and parabolic kinetic regimes, where the latter regime is observed
at larger thicknesses and depends on the thickness, as well as the linear-to-parabolic growth
transition above a critical transition thickness are characteristic of several thin film material
systems including hydrides, oxides, and silicides [56,111-113]. While there is experimental
evidence for these growth behaviors, knowledge of thermodynamic driving forces is required

to determine the transport coefficients quantitatively.

In this thesis, the uncoupled and elastically-coupled growth kinetics of the considered models

exhibit two kinetic regimes using well-defined thermodynamic and kinetic parameters.
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5.4.5 Nature of coupling

The elastically-coupled results and subsequent discussion presented in the previous sections
apply when the nature of coupling is such that the coupled driving force for the phase
transformation reaction remains negative. The consequences of large coupling effects are

discussed in this section.

Reaction block

In the absence of deformation, the driving force for phase transformation is always negative,

and given by ® = —mﬁéCIB(qu - Cg).

In the presence of stress, the phase transformation driving force may not be negative, which
is evident from Eq. (5.74). For the spherical case, when k% = k” = Kk, ®core-shen is given by

B (P
9 ab{¢'(z —3) + 5}

CI)core—shell = _R(SO](CeIBq - qu) + (CNL - 1)2(6 + 2) (Ceﬁq - Oz;)u (58())

=, 108
which vanishes when 6C; = EQ—T%(& — 1)?(a + 2). Subsequently, the phase
a a2

transformation reaction cannot proceed; this scenario is interpreted as a reaction block or

lock, and also occurs in the planar case, where ®pijaye, is given by

i (@)
q)bllayer_&]] /J/I[[C]]+ Eﬁ . (581)

In the presence of reaction block, it is evident that the growth kinetics are affected; this
locking effect can be interpreted as an energy threshold or barrier that must be overcome

for the interface to move again.

To query the occurrence of reaction block for the selected set of points corresponding to
A = 0.5 in Fig. 5.2, specified using a grey box, we cast Eq. (5.80) into its dimensionless form

using Eq. (5.77) to obtain the corresponding normalized interfacial concentration deviation
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when (Pcore—shell =0:

o AJA (@—1)%(a+2) |
YT (T/A)(BAJA + 20 /A) a (1-Kp)(z — 1\’
(3A/A—+2A/A))

(5.82)

Q+3

where the subscript w is used to emphasize that the solution corresponds to the interfacial

concentration deviation when the interface is not moving, i.e., it is ‘waiting’.

A 6C,
0 0

0.5 0.04
3  0.12

Table 5.1: Estimated values of 6C,, for the specified set of points in Fig. 5.2 for A = 0.5.

Table 5.1 presents the estimated values of 6C,, corresponding to the selection in Fig. 5.2.
In the uncoupled case, the interfacial concentration vanishes, corresponding to interfacial
equilibrium. In the two elastically coupled cases, it is possible for ®snen to vanish away
from equilibrium, i.e. when 6C,, # 0; when these deviations violate the key assumption,

6C, < 1, the situation is out of scope of this chapter, and we require another model.!*

The slowing down of reaction fronts in the presence of mechanical stress as well as a
complete arrest of the phase transformation reaction has been observed via in-situ TEM
studies of material systems such as silicon nanowires (SiINWs) [62, 65], lithium-silicon and
lithium-germanium nanoparticles and nanowires [64,67,68]. Analysis of such systems are
of key interest to nanoscale devices and LIB technologies. However, the stress mediated
kinetics affect the charging/discharging rates, thereby compromising their net capacity and
performance. To describe these experimental observations, effective transport parameters

are often used, which contain fitting parameters [64]|. Similarly, theoretical investigations

11 A kinetic model is proposed in Chapter 8 using modeling insights derived from the full tertiary coupling
considered here.
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often feature effective parameters as well; for example, a surface locking instability has been
proposed in the context of LIB by coupling stress with diffusion via an effective diffusivity,

which contains the effects of a stress-induced energy barrier [24].

In this work, we demonstrated the deceleration effect to be a consequence of strong stress-
reaction coupling using the thermodynamic concept of reaction driving force in the presence

of stress. This result is revisited in Chapter 8 to contemplate the next step in its modeling.

It is noted that we used the terminology of Freidin et al. [48,49,114-116], who use reaction
block or reaction lock to describe this coupled effect, which they predict by considering binary
coupling between stress and phase transformation within a nonclassical thermodynamics

formulation.

Phase stability and hysteresis

Interfacial equilibrium entails ® = 0. In the absence of stress, this condition was described
graphically in Fig. 3.2 by a common tangent to the two Gibbs energy density curves, which
sections the composition range. For compositions between C¢, and C'fq, the stable state of

the system comprises two phases with compositions at C§, and qu, where the lever rule
provides the relative proportions. This state is often referred to as the true equilibrium

state.

When a reaction block occurs, the driving force is once again zero. This state, which is often
interpreted as a false interfacial equilibrium [117], raises the question of phase stability in

the presence of stress, particularly under cyclic conditions.

Crucially, stress has modified the two-phase field. When a solution to the interfacial and
chemical equilibrium exists, a two-phase field is possible even in the presence of stress,
as shown by the blocked state. Nevertheless, a state with stress holds more energy, and

is subsequently metastable compared to a stress-free state. During an isothermal cyclic
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operation, the a to § phase transformation reaction experiences an energy barrier. This

energy threshold can be interpreted as a metastability barrier that leads to hysteresis.

Other impeding effects in the literature

In physical metallurgical literature, which includes metal hydride systems, well-known
impeding effects, often in the presence of stresses, include solute pinning, solute drag, solute
trapping [118|, and interface pinning 86|, where solute particles refer to point defects or
impurity atoms and trapping sites include grain boundaries, dislocations and second-phase
particles, i.e. the microstructure is at the forefront in these studies. These effects require
sophisticated models; at present, they are modeled using diffusion equations by invoking
pinning potentials, trapping energies, and effective diffusivities, which require experimental
data to fit the parameters. To model trapping, chemical reactions are often used with

diffusion.

Recently, interface pinning has been proposed to be the source of hysteresis between the
absorption and desorption of hydrogen in palladium-hydride systems in their bulk form,

which exhibits defects [86].

The modeling of reaction block, interface pinning, and trapping to investigate phase stability
and the mechanism of hysteresis in bulk and nanoscale materials are active areas of research

in metal hydrogen systems and lithium-ion batteries [81,83,86,119].

5.4.6 Model validity

The QSS model applies when 6C' < (C'fq - Cg). As §C? is nonhomogeneous, the validity
of the steady-state condition can be expressed in terms of Aggg, the ratio of the maximum
deviation resulting from the B-atoms in the bulk to those at the interface [23]; Agss < 1 for
the steady-state assumption to hold, as seen in Section 4.3.4. This condition indicates that

the analysis assumes (a) slow interface kinetics and (b) limited bulk solubility. When there

85



are no limitations to the solubility of the bulk phase, the phase interface is stationary and

the kinetics of the problem are described by a transient diffusion problem.

The linear kinetic models, governed by linear irreversible thermodynamics (LIT), rely on the
local equilibrium hypothesis, which states that at any given time, each material point or cell
exhibits equilibrium, however, this equilibrium state differs from that of its neighbouring cells
thereby allowing mass and energy transfer. The upshot of this hypothesis is that it enables
the use of equilibrium thermostatics concepts of Chapter 2, while imposing restrictions on
the systems and processes because it is only valid for large length and time scales. This
hypothesis is typically characterized by the Deborah number, De, which is a ratio of the
time required for equilibration within one cell to the macroscopic characteristic time; when

De <« 1, the local equilibrium assumption is valid [120].

Finally, the underlying thermostatic framework is based on the internal energy density as
a function of the small strain tensor, entropy density, and concentration: ~» = »(€,s,C),
as seen in Section 2.2. This is a constitutive assumption for the deformed continuum that

further dictates the material and mechanics that can be studied within this framework.

5.5. Summary

Chapters 3-5 presented the formulation and analyses of moving boundary problems, derived
using linear kinetic models guided by equilibrium thermostatics. The quasi-steady state
approximation permits closed-form analytical solutions for concentration, growth kinetics,
and elastic stresses in a spherical and planar particle, which offer a rich variety of
physical insights. Specifically, it was demonstrated for the first time within this framework
that the derived growth kinetics compare qualitatively to classical empirical models, and
contain thermodynamic-kinetic parameters instead of fitting parameters. The effects of
stress-diffusion and stress-reaction coupling are derived. Stress-enhanced diffusion was

deduced and coupling conditions for stress-induced reaction blocking were derived. Reaction
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blocking, phase stability, and hysteresis are interrelated concepts that were discussed within
this framework. While some of these phenomena have been investigated separately, the
deductions presented in these chapters, which lend themselves to physical and modeling
insights, are presented for the first time using a consolidated theoretical approach based on

both thermodynamics and kinetics.

Furthermore, the systematic layout of the formulation and the accompanying assumptions
provide insights into possible nonclassical extensions as well as the constraints of the
models in the realm of real devices and materials. For example, it is possible to apply
the formulation of these chapters to explore diffusion in rubbery polymers, which exhibit
Fickian-type diffusion. However, to describe non-Fickian transport, which can occur when
diffusion is accompanied by substantial macromolecular relaxations, one needs to modify and
extend at the foundational level because the local equilibrium hypothesis is no longer valid.
Subsequently, glassy polymers, which exhibit non-Fickian characteristics cannot be studied

within this framework.

Similarly, to explore the system behavior under conditions of strong coupling, it is
required to extend the kinetics and mechanics to consider nonlinear diffusion and nonlinear
elasticity. For example, for larger concentrations, and subsequently strong coupling, which
is encountered in both metal hydrides and lithium-ion batteries, the kinetics of diffusion
exhibit nonlinearities. It is noted that while the assumptions of the present chapter do not
include large concentrations, the exploration of the full tertiary coupling, enabled by these
simplifying assumptions, offers several kinetic modeling insights, which are highlighted in
Chapter 8, including a nonlinear diffusion equation that may be best suited to model the
coupled phenomenon of reaction block. Likewise, relaxing the assumption of constant elastic
parameters to include concentration-dependent elastic modulus also generates nonlinear
kinetics. In [121], Yang derived the diffusion equation for regular binary solid solutions

using a thermodynamic model; however, to obtain closed-form expressions, this diffusion
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equation was simplified by assuming that the effect of stress on diffusion of the solute can

be ignored, and that the solid solution is ideal.

In many scenarios, nonlinear diffusion equations, specifically, the effective diffusivities,
which are nonlinear functions of the solute concentration, need to be analyzed. These
nonlinear diffusivities are rich in information, including pertinent length and time scales;
however, extracting these characteristics from the nonlinear equation is nontrivial and

requires sophisticated tools of analysis, including asymptotics and renormalization.
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Chapter 6

Phase equilibrium and stability of an elastically stressed

thin-film bilayer

This open chapter explores the effects of elasticity on the solution thermodynamics of a

thin-film bilayer.

When lattice misfit occurs between phases, coherency strains are generated, which play an
important role in thermodynamics because they influence the solubility and stability of the
phases. This topic can be an entire thesis in its own right; indeed, there are extensive
publications, including those of W. C. Johnson and P. W. Voorhees, contemporaries of
Larché and Cahn, that investigate the thermodynamics of coherent equilibrium and the
stability of the phases at and away from equilibrium in various elastically stressed systems

[78-80,122-160]. Several of these studies were motivated by the Cahn-Larché model in [123].

This chapter considers a thin-film bilayer model to explore the effects of the elastic stresses

in the film, which are given by
o =F %(QQAC‘“ — QPACH), (6.1)

where AC is analogous to temperature changes in heat transfer problems, and Q® # QF
i.e. the material parameter, €2, is assumed to be constant but has different values in the two

phases. Equation (6.1) can be obtained using the derivations of Sections 5.3.1 and 5.3.2.
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6.1. Equilibrium thermostatics

At a given temperature, the total Helmholtz energy of the thin-film bilayer is given by [123]

F=V, [(1 —2)(C,0) + 37 (C,0) + (1 — 2)¢” |, (6.2)

where V4 denotes the volume occupied by the A-atoms, z is the volume fraction of the (-
phase, x = V?/Vy, / denotes the Helmholtz energy density, and ¢” is the strain energy
density of the thin-film S-phase. For single phases, i.e. when z is 0 or 1, the last term

vanishes.

Since a thin-film of S-phase is assumed, x < 1; subsequently, the last term can be simplified

to z¢”, and the total energy is given by

F=V, [(1 —2)/(C,0) + 3/(C,0) + mﬁ],
(6.3)
F=Va|(1 =)/ (C,0) +5/7(C.0)].
where KC, o) = KC, 0) + ¢ for the -phase; this derivation is presented in Appendiz F.

The equation for a constant overall composition of the B-atoms, C,, is given by

2CP + (1 —2)C* = C,. (6.4)

The conditions for chemical and interface equilibrium can be obtained by minimizing the
total energy of the system, subjected to the constraint of constant overall composition, which

is incorporated via a Lagrange multiplier:

%(F’ —AMzCP 4 (1 —2)C* = C,)) =0,
%(F” —AzCP 4+ (1 —2)C* - C,)) =0, (6.5)
0

5 (F' =A@+ (1 = 2)C* = C,)) = 0,
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where F' = F'/V,. Equation (6.5)a simplifies to

OF’

—AM1—2)=0.
5Ca (1—2)=0
1 0 @ B
The first term is given by gga =(1-2x) 8/:“ +x(1 - x)gga =
Thus, Eq. (6.6) is satisfied by
r=1
or
0" 8
A= / + 0¢ .
0C« oC«
Similarly Eq. (6.5)b simplifies to
xz =0,
or
B8
0y
A= W(C’ ),

where z < 1 is used to simplify.

(1-a)(

o

oCce

_|_

(6.6)

s
“ies)

The results, = 0 and x = 1, correspond to single phases. The two-phase solution for

chemical equilibrium corresponds to Eqs. (6.7)b and (6.8)b.

6.1.1 Two-phase equilibrium when Q¢ = 0

Assuming Q¢ = 0, we obtain

Y

oCe”’
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where Eq. (6.7) was simplified. As \ is a Lagrange multiplier, it is constant and given by

Y0 (o)
- oc~ 90k

(6.10)
This equation represents the chemical equilibrium, where A is identified with the chemical
potential, p.

Equation (6.5)c simplifies to

A 0) = (C,0) = ACP — ) =0, (6.11)

where x < 1 is used to simplify. This equation represents the interfacial equilibrium for a

planar coherent interface.

6.2. Coherent concentration field

The coherent equilibrium, if it exists, corresponds to the concentration field, C" (n = «, ),
and non-zero thin-film stresses. Assuming a two-phase stress-free (SF) state exists, we
assume that the coherent equilibrium is close to this SF state, whose concentrations are

denoted Cj. This implies we can undertake the following linearization:

C"=CJ+ AC",
p'(C,0) = u"(CJ,0) + x"AC", n=a,p (6.12)
/(C.0) = (CFL0) + AT,
where py and x are respectively the first and second derivatives of the Helmholtz energy

density with respect to concentration in the absence of stress; both are evaluated at the SF

concentrations.

To solve for the coherent equilibrium compositions, C* and C?, we require two equations,

which are provided by the chemical and interfacial equilibrium conditions. The chemical
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equilibrium condition, Eq. (6.10), is simplified for Q* = 0:

% (C.0) _97(C.0) 99
oce  ~ ach T acE (6.13)

2
H(C.0) = (€, 0) + SE(2°)°AC”,
and subsequent linearizations are as follows:

2__
P(C2,0) + X AC™ = 1P(CF,0) + yPACP + §E5(Q5)2A05,
(6.14)
p(CEL0) + Y AC™ = 1P (CF,0) + XPACP,
where v = x? + (2/9)E (QF)2.

The SF chemical equilibrium corresponds to g = pu®(CS,0) = x#(CP,0). Thus, Eq. (6.14)

simplifies to
XCACY = PACP. (6.15)

Similarly, simplifying the interfacial equilibrium, Eq. (6.11), using linearization, and

incorporating Eq. (6.15) and the SF interfacial equilibrium condition, i.e.,

/ﬂ(q?, 0) —/Q(CS, 0) — po(CY — C%) = 0, we obtain two solutions for AC* and AC?:

ACY = ACP =0,
or
. (6.16)
ACP 1-C
Cy (B (QP)? RE
[9X—,g - (1-x)

/

N B
where C' = CS“/COB, L = x"/x®, and AC® = X—QAC"B. The first result is a trivial solution

corresponding to the SF solution; the second result corresponds to coherent equilibrium in

the presence of stress.
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In summary, we have two solutions for the equilibrium concentration field: stress-free
solution, Cy, and elastically-stressed solution, C. This raises the question of stability of
the concentration field in the presence of stress. To gain insight, we consider the relative

linear stability of the phases corresponding to the two solutions.

6.3. Relative stability of phases

coupled/stressed stress-free
(SF)

ACP B

Figure 6.1: Schematic phase boundaries of the thin-film bilayer corresponding to the
two equilibrium solutions. The solid lines correspond to the stress-free (SF) solution. The
dashed lines correspond to the stressed solution (S), given by Egs. (6.15) and (6.16)b. The
shift in the phase boundaries or solubilities indicates the effects of the film stress on relative

stability; when the S-phase is stabilized by the stress, the a-phase is destabilized.

The S-phase is stabilized by the stress when AC” is negative, i.e., the stressed a+3/3 phase
boundary is on the left of the corresponding SF boundary. Because of Eq. (6.15), the stressed
a/a-+f phase boundary is also on the left of the SF boundary. A schematic of these two

solutions is displayed in Fig 6.1.
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6.4. Graphical analyses and discussion

The following stability considerations are undertaken graphically.

6.4.1 Stability considerations for open systems at constant

temperature

In open systems, the overall composition of the B-atoms, C,, is an external variable that
is changed by varying the prescribed partial pressure of the mobile B-atoms in the gaseous
phase, which is related to their chemical potential in the solid phases, and provides the

driving force for the absorption and desorption of B-atoms.

Absorption at constant temperature

Consider the process of absorption at constant temperature, as shown in Fig. 6.2a. Initially,
the solid is in its single a-phase. The pressure of the gas is increased, which increases the
chemical potential of the B-atoms, and subsequently, the overall composition. The solid
continues to exist in the a-phase until the concentration of the B-atoms is such that it is
energetically more favorable to phase transform; this two phase a+f field is delineated by

phase boundaries.

In classical thermodynamics, there is only one solution to the phase boundaries, determined
by the SF concentrations. Here, there are two possible solutions for the «/a+/3 phase
boundary. However, when starting from the a-phase, the SF phase boundary is stable
compared to the stressed solution, as per Section 6.3. Thus, the two-phase solution under

absorption of B-atoms by the a-phase corresponds to SF equilibrium.
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Figure 6.2: Schematic phase boundaries of the thin-film bilayer corresponding to the
absorption (desorption) of B-atoms at constant temperature, Ty, are given by the SF (S)

solutions.

Desorption at constant temperature

Similarly, the stable solution corresponding to the desorption of the S-phase is the stressed

solution, as shown in Fig. 6.2b.

Absorption-Desorption offset

The absorption and desorption of B-atoms exhibit an offset induced by stress, and
consequently, the partial pressure of B-atoms required for absorption (SF) is greater than the
partial pressure that drives desorption (S). This offset may be interpreted as a macroscopic
energy barrier that must be overcome (by increasing the chemical potential of the gas and
thereby the overall composition of the B-atoms) for the phase transformation to proceed;

else the phase transformation reaction is locked.
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Hysteresis

The absorption-desorption offset and the associated energy barrier are indicators of
isothermal hysteresis, which appears to be an intrinsic property of the system as it is deduced
solely based on the existence of two metastable solutions. The thermodynamic path is not
conservative because it is path-dependent (and therefore history-dependent), as indicated
by Fig. 6.2 and the subsequent discussion of absorption and desorption. Furthermore, the
nature of the hysteresis appears to be rate-independent because it cannot be decreased by

slowing down the rates of absorption and desorption.

Stability of the two-phase field

The stress-free two-phase field corresponds to an a-phase that is relatively stable than the
[-phase; the elastically stressed two-phase field corresponds to a [-phase that is relatively

stable than the a-phase.

Consequently, the two-phase field becomes unstable for the open system because of the two
metastable solutions. During absorption, once the energy barrier is overcome, the o to 8
phase transformation proceeds spontaneously until all the a-phase is converted to 3, and vice
versa for desorption. Therefore, equilibrium coexistence of a- and [-phases is not possible

under open conditions.

6.4.2 Stability considerations for closed systems at constant

temperature

Closed systems have a fixed number of B-atoms, and thereby a constant overall composition

of the B-atoms, which is given by C,.

If we undertake a temperature scan on the solvus side, i.e. the dilute phase boundary side,
of the phase diagram, we once again encounter an offset, as shown in Fig. 6.3. Here, we

obtain a temperature offset: the solvus temperature required for heating is greater than the
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solvus temperature required for cooling. Thus, the closed systems must also overcome an
energy barrier for the reaction to proceed. However, unlike open systems, closed systems at
a given operating temperature are in an arrested state, and cannot access other favorable
states. Subsequently, there is no spontaneous phase transition and the closed thin-film bilayer

system is able to exhibit two-phase equilibrium.

T

B

Figure 6.3: Schematic illustration of a temperature scan in a closed thin-film bilayer
system. The relationship to heating and cooling are indicated in blue, corresponding to a

temperature offset.

6.4.3 Palladium-hydrogen system

To corroborate the deductions of the above analyses, we seek material systems that can be

approximated by the physical model considered here, namely, a binary system exhibiting two

112

isostructural** solid phases, where the absorption of B-atoms generates volume expansion of

2Tsostructural or isomorphic phases differ only in their composition.
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the A-lattice, and the mobile B-atoms occupy interstitial positions. Metal-hydride systems
are suitable candidates, particularly the palladium-hydrogen system, as the partial molar
volume of its a-phase is close to zero, i.e. the lattice parameters of this phase are close to

the undeformed A-lattice or Pd-lattice.

The hydrogenation of palladium entails reactions at its surface, where the hydrogen gas is
split catalytically, and subsequently, the atomic hydrogen intercalates into the metal. The
chemical potential of the hydrogen atoms is controlled by the hydrogen pressure; at low
pressures, we observe the dilute solid solution or the a-PdH, phase (at 298 K, H/Pd atom
ratio is less than ~0.015), where the hydrogen atoms occupy random interstitial octahedral
sites in palladium. The lattice constant of this phase is 3.894 A. The lattice constant of
pure Pd is 3.889 A; subsequently a-PdH, features a light expansion of the lattice. When
the hydrogen gas pressure is increased, a — [ phase transformation occurs, which entails
an expanded lattice with ~3.7% expansion in the lattice constant, and a H/Pd ratio that is
larger than ~0.6 [71]. The hydrogen pressure corresponding to the o — /3 phase transition
occurs at a higher hydrogen pressure than the reverse reaction, leading to hysteresis, a

ubiquitous characteristic of metal hydrides in general.

The temperature-composition phase diagram of the Pd-H system was determined
experimentally by a few researchers [87,161, 162] based on hydrogenation (absorption) and
dehydrogenation (desorption) data. These papers established two sets of solubility curves or

phase boundaries corresponding to the two palladium hydride interstitial alloys.

It is noted that figures 5, 1, and 7 in [161], [162], and [87] respectively, exhibit an absorption-
desorption offset that is qualitatively comparable to that of Fig. 6.2. For example,
Fig. 5 of Flanagan and Oates [161|, displayed in Fig. 6.4, shows the plot of phase
boundary composition using r, denoting the ratio of the hydrogen concentration to the
Pd concentration; the temperatures are normalized with respect to the critical temperature.

Figure 7 of Wicke and Blaurock [87|, displayed in Fig. 6.5, shows a similar trend. These
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Figure 6.4: Phase boundary compositions for the Pd-H system: dashed plot corresponds
to hydride formation, solid lines represent hydride decomposition [161]. Reprinted from “The
effect of hysteresis on the phase diagram of Pd-H," by T. B. Flanagan and W. A. Oates,
1983, Journal of the Less-Common Metals, 92, p. 137. 2022 by "Surabhi Joshi". Reprinted

with permission.

publications attributed the observed offset to hysteresis, however, its origin was extensively

discussed and debated.

Finally, several experiments have reported that hysteresis in hydrogen absorbing alloys is

reproducible over thousands of cycles 79,163, 164].
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Figure 6.5: Phase boundary compositions for Pd-H showing the absorption and
desorption behavior of palladium hydride [87]. Reprinted from "New experiments on and
interpretations of hysteresis effects of Pd-D2 and Pd-H2," by E. Wicke, J. Blaurock, 1987,
Journal of the Less Common Metals, 130, p. 360. 2022 by "Surabhi Joshi". Reprinted with

permission.

The existence of the two-phase field was not questioned in these studies; this is where these
experiments differ from the stability analysis of the open system in Section 6.4.1. However,
it is noted that the analyses and solubility curves in this chapter correspond to a defect-free
particle unlike the experiments cited thus far which use palladium samples in bulk form, i.e.
containing several particles, each of which undergoes phase transitions during the processes
of absorption and desorption; furthermore some of these particles may be defective, i.e.

contain interfaces that are semicoherent and incoherent.

Dionne et al. [71] conducted several in-situ experiments on palladium nanocrystals using

the tools of environmental electron microscopy and spectroscopy. These single particle
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experiments shed light on the phase transition processes with nanometer resolution. Their
single-crystalline nanoparticles, which included cubes, did not exhibit phase coexistence in

equilibrium, which matches our deductions.

The Schwarz—Khachaturyan (S-K) thermodynamic theory considered open interstitial
systems that form coherent interstitial phases, such as coherent hydrides, in the host lattice,
which is assumed to be elastically isotropic and its lattice parameters vary linearly with
concentration. They employed a strain energy equation based on Eshelby’s model [165],
which assumes the solute atoms are misfitting elastic spheres that are coherently inserted
into a matrix that forms the parent phase. Their model [78] established that isostructural
phase transformations in such systems may be characterized by a macroscopic energy barrier
that makes two-phase equilibrium impossible in open coherent systems; their graphical
considerations entailed curves of free energy and chemical potential vs concentration. In
2020, Schwarz et al. [80] confirmed their theoretical conclusions, namely, the presence of
ubiquitous hysteresis under open conditions, and no hysteresis in closed systems. This was
possible via atomistic experiments, which enabled the study of the Pd-H system in its single
crystalline form without any material defects, as well as the study of closed systems, both

of which are challenging to conduct in real experiments.

6.4.4 Thermomechanical equilibrium

It is noted that the elastically-coupled analyses of the driven systems in Chapters 4 and
5 assumed stress-free thermochemical equilibrium as the starting point, which was set up
in Section 3.9. The systems did not exhibit any initial stress; stresses were generated as
the systems were driven away from equilibrium. However, the L-C equilibrium framework
does not exclude stresses; such a thermomechanical or thermo-chemo-mechanical equilibrium
state satisfies all the equilibrium conditions: thermal, mechanical, chemical, and interfacial

equilibrium, as demonstrated in Section 2.2 Equilibrium Thermostatics. For systems with
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coherent interfaces, the stressed equilibrium is called coherent equilibrium, an active area of

theoretical and experimental research, especially at small scales.

6.5. Summary

“When we are not sure, we are alive.”

Graham Greene
When elastic stresses in two-phase binary solids extend (or reduce) the range of solubility of
both phases, it is concluded undoubtedly that the stresses have a stabilizing (destabilizing)
effect on the solution thermodynamics. For example, an overall stabilizing effect of stresses
in this study would correspond to the coherent «/a+ phase boundary shifting to the right
of the corresponding SF boundary, and a+ (/8 phase boundary displacing to the left of the

SF boundary. This situation is familiar to many models in this literature [122,132,148,160].

However, in this chapter, the nature of the shifts, which are implied by Eq. (6.15), differ
from the above scenario. Subsequently, at first glance, we cannot be sure of the stability of

the thermomechanical equilibrium.

To gain an understanding of the stress-induced effects on phase equilibria, a graphical
approach was undertaken to explore the (a) relative stability of the two phases, (b) absorption
and desorption behavior of the B-atoms under open conditions at a given operating

temperature, and (c) the absorption and desorption behavior of the closed system.

These thought experiments reveal several pertinent aspects; in particular, the stress-induced
absorption-desorption offset is identified as the source of thermodynamic hysteresis, which
forms a fundamental limit to cyclic operations because of its rate-independent nature.
Furthermore, the graphical analyses compare qualitatively to the Pd-H system, which was

illustrated for the first time.
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Nevertheless, to study this system quantitatively, several foundational assumptions must be
revisited and revised, requiring a new framework thermodynamically, and mechanically. For
example, in the presence of elastic strains, the total energy of the system is no longer additive
because the strain energy term varies nonlinearly with the volume fractions of the coexisting
phases. Ergodicity is not applicable either because the state of the system depends on the
history; indeed, this lack of ergodicity lends the hysteresis its rate-independent character
[80]. Consequently, the key assumptions in classical thermodynamics of phase transitions,
additivity and ergodicity, are violated. Physically, this is because of the presence of long-
range or nonlocal interactions, which is a consequence of the elastic stresses, as seen in
Eq. (6.1), which represents the average stress experienced by the thin film or S-phase;
the thin-film stress depends on the material parameter, 2, and concentration of the a-
phase. In the absence of such nonlocal effects, the equations for mechanical equilibrium
can be decoupled from equations for chemical equilibrium, and a quantitative approach can
be undertaken, for example, in [130], Johnson and Voorhees analyzed a spherical system,
assuming a substitutional binary two-phase system. Likewise, in [132|, Johnson and Chiang
consider a two-phase thin-film system on a rigid substrate, modeled by imposing a set of
displacement boundary conditions along the film’s edge; subsequently, the free energy of a

phase does not depend on the presence of the second phase.

In this chapter, we were able to speculate on the system behavior by assuming Q¢ = 0,
and the stressed state is close to a stress-free state, which is assumed to exist. The latter
assumption enabled linearization of the conditions for chemical and phase equilibria, and
the concentration field in the presence of stress was derived. A coherent phase diagram was
presented where the new growing phase is stabilized by the stress, and formed the basis for

the subsequent graphical analyses.

Subsequently, it was concluded that the key consequence of elastic coupling in isostructural

phase transformations is the appearance of hysteresis in coherent open systems, which
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appears to be an inherent characteristic, leading to entropy production. This kind of
fundamental mechanism of energy dissipation is redolent of thermoelastic damping (TED), a
mechanism of material damping which occurs ubiquitously in resonators due to the coupling

of temperature and strain in a solid via the thermal expansion coefficient [166].

This reproducible thermodynamic hysteresis that continues to persist with vanishing kinetics
is observed experimentally in several phase transforming systems including metal hydrides
and lithium-ion batteries. In electrochemical systems, the subsequent residual voltage is
called a zero-current offset |20, 71, 74-76|; this zero-current hysteresis is predicted even for
a single particle [83]. Similarly, the lack of phase coexistence shown in this chapter is also
observed in nanostructured Li-insertion compounds that undergo volume expansion when

lithium-ions are inserted, such as TiO, and FePO, [167].
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Chapter 7

Transient diffusion analysis of a viscoelastic thin-film

bilayer

This chapter considers unsteady diffusion in both phases of the thin-film bilayer, and
viscoelastic deformation in the thin film. It is assumed that both phases undergo small

deviations from equilibrium, and the phase boundary is stationary and does not move.

The transient diffusion problem entails solving the concentration deviations from equilibrium,

which are given by §C(z, ).

7.1. Boundary conditions

Two flux conditions are specified. The first condition prescribes the flux of B-atoms at z = 0:

J =J",
2=0
96" T (7.1)
0z =0 _Mﬁ(ij,iﬁ'
The second outer boundary, z = z,, is impermeable, i.e., the flux is 0:
J =0,
osc| (7.2)
=0.
(‘37: 2=z

Equations (3.5)a, (3.28), and (3.31) were used to simplify the flux boundary conditions.
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7.2. Interface model

The first interface condition is given by
[J] =0, (7.3)

which is a continuity equation at the interface in the absence of any sources and sinks.

The interface experiences diffusion of B-atoms on both sides, both from and to each phase.
Subsequently, the interface is no longer in chemical equilibrium. This interfacial description
requires a model for the interface that accounts for the diffusion in the presence of different
equilibrium concentrations of the two phases. Subsequently, the second interface condition

is given by

c
—J1 =W(CF = —3C7), (7.4)

eq

which relates the interfacial concentrations to the local flux; this general description is derived

in Appendiz C.2. based on the first-order kinetic model of the interface.

7.3. Diffusion analysis

The goal of the transient diffusion analysis is to derive the concentration field in the planar
system for small deviations from equilibrium, where Eq. (3.5) describes the unsteady

diffusion in the bilayer, which is taking place in the presence of a sharp phase interface.

Using Eqgs. (3.5), (3.28), and (3.31) for the g-phase, the diffusion equation simplifies to

B B
00CP(z,1) _ P +(5C’6)/<55850 (z,t)’
_ D,582505(z,t)
022 ’
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where D'? = M? quliﬁ . Similarly, for the a-phase, the diffusion equation is given by

20C*(z,t) D 026C°(2,1)
ot B 022 7

where D'® = Macglma.

7.3.1 Extended separation of variables method

The transient diffusion problem for the composite system consists of the partial differential
equations (PDEs) (7.5) and (7.6) with two interface conditions and two boundary conditions.

Initially, the phases are in equilibrium.

To solve the concentration field in a composite system subjected to two flux boundary
conditions, the method of variable transformation is applied. This method splits the
solution into three components to account for the nonhomogeneous boundary conditions,
homogeneous boundary conditions, and the initial conditions. Subsequently, for each phase,

the following variable transformations are used [168]:
0C(z,t) = v(t) + w(z) + u(z, 1), (7.7)
where u(z,t) satisfies the homogeneous boundary conditions, and is given by
u(z,t) = Z(2)T(t). (7.8)

Substituting Eq. (7.7) into the diffusion equation, we obtain

ou d_v_D,<d2w 82u>'

ata Pzt (7.9)

As u(z,t) satisfies the homogeneous boundary conditions and PDE, the corresponding PDE

is given by

ou I 0?u

108



Thus, from Egs. (7.9) and (7.10), we obtain

1 dv d*w

where the LHS is a function of time and the RHS is a function of z, therefore, the above

equation must be equal to a constant; here, we set it equal to w;:

dv —w
%_ 1
7.12
/dZw_w ( )
dz2 "

By integrating the above equations, we obtain the following expressions for v(¢) and w(z):

v(t) = w D't + vy,
2 (7.13)
w(z) = Wiy + woz + w3,
where wq, wy, and vy are unknown constants to be determined. As v(t) satisfies the initial

condition, i.e. v(t = 0) = 0, we obtain v; = 0.
To derive u(z,t), we substitute Eq. (7.8) into Eq. (7.10). Separating the variables leads to

d*Z 1 dT
il & 7.14
dz2 D' dt ’ (7.14)
where the LHS is a function of z, and the RHS is a function of time, hence, the equation must
be equal to a constant; furthermore, this constant must be negative because the concentration
cannot increase exponentially with time in the absence of a source term in the PDE, Eq.
(7.10). Thus, from Eq. (7.14), we obtain two ODEs, which can be solved to obtain the two
components of u(z,t):
Z(z) = Acos(Az) + Bsin(Az),

7.15
T(t) = Ce P, )

where A\, A, B, and C' are unknown constants.
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The subsequent sections apply Egs. (7.7), (7.8), (7.13), and (7.15) to the thin film and
substrate with the corresponding boundary conditions, interface conditions, and initial

conditions.

7.3.2 Thin film

The deviation in the concentration of the B-atoms in the thin film is given by
§CP(z,t) = v°(t) + ' (2) + v’ (2, 1), (7.16)
where

VP (t) = wl D"t
52
t2
uP(z,t) = Z°P ()T (t) = CPe PN (AP cos(N2) + BP sin(M\z)).

w?(z) = w = + whz 4+ wf, (7.17)

Applying the nonhomogeneous flux boundary condition at z = 0, Eq. (7.1), which is

accounted for by w?(2), given by Eq. (7.17)b, we obtain
wy = —(CE. (7.18)

It is noted that Z”(z), which is part of u”(z,t), the homogeneous flux boundary condition,

i.e. Eq. (7.1) with RHS equal to 0, corresponds to %—uj 0T 0; this equation is used with
Eq. (7.17)c to obtain
ZP(z) = AP cos(N2). (7.19)
Thus, ©?(2,t) simplifies to
W (z,t) = FPe PO cog(NP2), (7.20)
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where FP = APCP.

7.3.3 Substrate
Applying the same procedure to the substrate, we obtain

0C%(z,t) = v*(t) + w(2) + u”(z, 1), (7.21)
where

v (t) = wiD"t,
2
w*(z) = w‘f‘; + wg z + wy, (7.22)

u(z,t) = Z°(2)T*(t) = C% PO A% cos(A*2) + B® sin(A\°z)).

Applying the boundary condition, Eq. (7.2), we obtain

UJ2 = U)l ZO?
(7.23)
Z%z) = A% cos(\*(z — 2,)),
Aa
where A = m. Thus, u®(z,t) simplifies to
u® = Foe P O cos(A¥(z — 2,)), (7.24)

where F'* = A«C*.

7.3.4 Interface conditions

The continuity of flux across the interface is given by Eq. (7.3); simplifying this condition
using Egs. (3.5)a, (3.28), and (3.31), we obtain

d5C*| D" 9s5C”
82 21 n D'« 8,2 217

(7.25)
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which can be further simplified using Eqs. (7.16), (7.17), (7.20)-(7.22), and (7.24) to obtain

A¥)2pre D" (M%)2D'8
W (21— 2,) = A Foe™ W) D gin (A (2—2,)) = <Dla> (wl 27— CCB — NP FBe=() tsm()\ﬁzf))
(7.26)

For the above equality to hold for arbitrary time, the following conditions must hold:

D's

—\YF%e —(A*)2D'¢ Sln(/\a(z _ Zo)) _ <D/a>Fﬂe—(A5)2D/5t Sin()\ﬁzl)y (727)
and,
e~ (A)2D" L _ —(M)2D"
(A)2D" = (\%)*D", (7.28)
A D'"?
NV D

Equation (7.28) can be used to simplify Eq. (7.27):

B
— A FYsin(\Y(z — 2,)) = —\? aFﬁ sin(\’z;). (7.29)

Subsequently, Eq. (7.26) simplifies to!?

D’ (7.30)

J*

13
¢CL, =B
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The second interface condition, Eq. (7.4), is similarly simplified using Eqs. (3.5)a, (3.28),

and (3.31) to obtain

oa6C) | _ W o (Ceqyp
Oz | D= (501 B (qu)(SCI)’
dw® « Az« VE) a Cea e’ %
AT = (w (21) — (ng)wﬁ(szz (2)T°(t) (7.31)
CEC:] B B « Cgl B
_ (ng)z (2)TP(t) +v*(t) — (ng)v 1),

where Eqgs. (7.16), (7.17), (7.20)-(7.22), and (7.24) were used to expand the concentration

terms. For the above equality to hold for arbitrary time, the following condition must hold:

dz«
dz

= 1‘)@& (o)1= (1) - (%) Z8(2)TA(t) + v () — (g—?)vﬁ(t)) (7.32)

eq

T°(t)

Dividing by T%(t), we obtain

O @ g - @rg) 0

dze
dz

For the above equality to hold for arbitrary time, the following conditions must hold:

- - (eel) »
Vo (v“(t) _ (Cﬁ‘q)vﬁ(t)> o '

Dle \ T (t) ng

Using Egs. (7.31) and (7.34)a, we obtain

dw®

dz

a z;/f)a GOR (g?)wﬁ (). (7.35)

Using Egs. (7.17) and (7.22) in (7.35), we obtain

s 22 o
wf = Gt [wi g+ s g — (e )], (7.36)

eq
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Equation (7.34)b simplifies to

Coz
ch

V(1) — ( ) B(t) = 0, (7.37)

which can be expressed in terms of two unknown constants, w{ and wf using Egs. (7.17)a

and (7.22)a; subsequently, we obtain

uf = (22) ()t (739

Equations (7.30) and (7.38) generate a solution for w?:

B
w] = TR (7.39)
<z;(1 — ) + oA Zo>
Equation (7.34)a is expanded using Eqs. (7.19) and (7.23):
P Fﬁ( Vo )(C’é’é) cos(Azy) (7.40)
D' CB ‘/0 ’ ’
g { S oS (z = 21)) 4+ A sin(A(z — zl))}

Using Egs. (7.29) and (7.40), we obtain a transcendental equation for the eigenvalues:

tan(\z;) (Vo + A*D™ tan(\*(z; — B D/a
tan(A*(zr — 2,)) - qu
tan()\ﬁ21>(‘/0 )\6\ / D/QD/,B tan()\ﬁ _D/Oz (ZI _ ZO \/ﬁ (741)
/ B
tan(A\8 g,i (z1 — 20)) Ceq

where Eq. (7.28)c was used to express the equation in terms of A* only. This equation has
multiple solutions for \?, and subsequently, A%; thus, by principle of superposition, u®(z,t)

and u(z,t) are series solutions given by > 7 Z%T* and Y 7, ZPTP respectively.
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To summarize, the concentration deviations are given by

2 )
0C%(2,t) = w?% + w5z + w§ + wi D"t + Z F M\ sin(A2p) cos(\(2 — 2))e~ DO
n=1

/o
sin(A%(z — 2,)) cos(APz)e PO

22 > D
6CP(z,t) = wlﬁg +whz +wh +w!DPt + Z Fn)\aDlﬁ
n=1
(7.42)
Fe F?
Msin(Mzr) — Aesin(Ae(z; — 20) 25
given by the transcendental equation; w$, ws, wy, wg are known from Eqs. (7.38), (7.39),

where F, = using Eq. (7.29). The eigenvalues are

=

(7.23)c, and (7.18); wf is given by Eq. (7.36) and depends on w§.

Thus, there are two outstanding constants in Eq. (7.42): w$ and F),; these will be determined

using initial conditions.

7.3.5 Initial conditions

The initial conditions are given by

0C%(z,0) =0,
(7.43)
5C?(2,0) = 0.
The initial condition can be applied in the integral form:
Z] Zo
/ 5CP(2,0)dz + / 6C*(2,0)dz = 0, (7.44)
0 21

which is expanded using Eq. (7.42), leading to
zr 2o *© zr Zo
/ WP (2)dz + / w(2)dz+ 3 / £9(2)dz + / )dz) =0, (7.45)
0 zr n=1 0 21
where f%(z) and f?(z) are eigenfunctions in the series expansion, and are given by

2) = Msin(\°z;) cos(A\% (2 — 2,)),

lo

D'?

(7.46)

fP(z) =\ sin(A*(z — 2z,)) cos(N2).
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Simplifying the integrals of Eq. (7.45) , we obtain w§:

o e L E (LG AN TUATEEE BNCEE )
Wy = —wW, (ZO—Z[)|:6+<<(C£(1>(ZI Zo) <>21+<ng><D/a)< 6 Zo 9 .
(7.47)
To solve for the coefficient of the series, F,, we use the following equation:
b L e @REdE C [ wi(2) f}(2)dz (7.48)
C eGP+ O el () ()
where C' = —eﬁq is a discontinuous-weighting function for our composite system, which makes

eq
the eigenfunctions orthogonal [169]. The derivations of this weighting function and Eq. (7.48)

are provided in Appendiz H. Applying Eq. (7.48) leads to the series coefficient for the bilayer:

822
sin(A8z;) sin(A*(z; — 2, L — Mz +1
L e (e sinh(er = 20) |5 s — M |
nT A in(2\* — N . .
o [SiﬂQ()‘ﬁzl)(Zo AT o 2()2 ZO))) + 55 sin® (A (21 — 2,)) (21 + Sm(;iszl))}
(7.49)

This completes the semi-analytical solution to the transient diffusion problem.

7.4. Viscoelastically-coupled analysis

This section considers viscoelastic deformation in the thin film. However, incorporating
viscoelasticity, and thereby, new mechanics and material response compared to our analyses
so far, requires a visit to the foundations of continuum mechanics and the underlying

principles used to build the constitutive theories of elasticity and fluid mechanics.

7.4.1 Foundations of constitutive equations

The response of a material to an imposed loading (mechanical, chemical, or thermal) is

described mathematically by constitutive equations or response functions.
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For linear isotropic elasticity, the constitutive equation is given by Hooke’s law: o = Atrel +
2u€e, where X\ and p are the Lamé elastic moduli and are related to material parameters.
Linear viscous fluids are described using Newton’s viscous constitutive law, which is given

de
by o = U where 7 denotes the coefficient of viscosity.!4

These constitutive functions are restricted by several physical principles, which include the
principles of determinism, local action, and material frame-indifference. The principle of
determinism states that past events determine the present. According to the principle of
local action, the response of the material at a point is influenced by what’s occurring in a
small region about that point. The principle of material frame-indifference or objectivity
imposes that all physical variables requiring constitutive relations remain the same in all
reference frames; such entities are called objective tensors. Finally, a constitutive relation

must obey the second law of thermodynamics [170].

7.4.2 Viscoelastic mechanics and material model

Viscoelastic or rheological materials exhibit both elastic and viscous-like characteristics, and

5

the relationship between stress and strain depends on time.!> To model the viscoelastic

material response, memory effects must also be incorporated.

In this thesis, it is assumed that the [-phase exhibits linear viscoelastic behavior at the
operating temperature, and can be described by Maxwell’s rheological model. This selected
material model consists of a spring (Hookean element) and dashpot (viscous or Newton

element) in series as shown in Fig. 7.1; the corresponding 1D constitutive equation is given

140On notation: 1 was used as an index in the previous chapters; here it is used for the coefficient of
viscosity.

15n the elastic solutions, time does not appear explicitly (only via the interface position); stresses depend
on the instantaneous value of the interface position.
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TG + 0 = né, (7.50)

where the time constant of the model is given by 7 = % and represents the relaxation time,

and € is the total mechanical strain, which is equal to the sum of the elastic and viscous

'G O \NV‘ I
E 7

strains [171].

o

v

Figure 7.1: Schematic of the Maxwell model of viscoelasticity comprising a spring (or
a Hookean element) in series with a dashpot (or a Newtonian viscous element). The model

exhibits a relaxation time. There are no inertial effects.

7.4.3 Correspondence principle

The general partial differential equation describing the stress-strain behavior in a viscoelastic
material is position- and time-dependent. Instead of solving this formidable equation directly,
Laplace transform can be applied to the field equations and boundary conditions to derive

the viscoelastic stresses.

The correspondence principle compares the Laplace transformed field equations of
viscoelasticity to the corresponding elastic field equations; because these equations exhibit
the same form, the solution to the elastic problem that is compatible with the transformed
boundary conditions can be used to solve the original problem by transform inversion. This
method of applying the correspondence between the elastic and viscoelastic equations to

solve viscoelastic stress analysis problems is well-established and also known as the elastic-
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viscoelastic analogy [172]. In its classical form, the elastic-viscoelastic analogy only holds for

time-independent or stationary boundary conditions [171,173].

Before applying the analogy, two key steps are typically undertaken: the stress-strain-
time constitutive equation for viscoelastic materials is extended to three dimensions,
and the stress and strain tensors are decomposed into their dilatational (or mean) and
deviatoric contributions respectively. This decomposition is typically undertaken because
most materials behave elastically under hydrostatic conditions. Subsequently, only the
deviatoric parts are affected by the presence of viscoelasticity; in the presence of volumetric

strain, the pertinent constitutive relation, in its general form, is given by'® [172]

Pmsij = 2Qmeij7

P, (aij _ %@j) —20,, (eij . %’“@j . cﬁaij),

(7.51)

where s;; and e;; are the deviatoric components of stress and strain respectively, € represents
the total strain tensor which consists of the mechanical strain and the diffusion-induced

strain, and P,, and @),, are model-dependent operators given by

P, = Z Ui
=0

n (7.52)
ak
—N "y
k=0
. 10 1
where a5 and b, are material constants. For the Maxwell model, P,, = Gt + — and
Ui

0
Qum = a0 where G is the shear modulus!” [166].

The Laplace transformed viscoelastic equations of mechanical equilibrium, strain-
displacement relation, prescribed traction and/or displacement boundary conditions, and

constitutive equations correspond to the elastic equations [172]. Thus, by comparing the

16The numerical factor 2 is introduced for convenience [172].
1"For linear isotropic elasticity, P, = 1 and @Q,, = G.
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elastic equation involving the deviatoric components, afj‘-i = QGGde, to the Laplace transform

of Eq. (7.51), Pn(s)L{o}} = 2QmL{e};}, it is deduced that replacing the shear modulus

of the elastic problem with % generates the same form as the Laplace transformed

viscoelastic equations. For the Maxwell material:

Q) s Gus
O] (7:53)

G 7

G(s)

When the solution to the elastic problem is available, it can be readily used by replacing the
shear modulus as described above to obtain the Laplace transformed viscoelastic equation.
Inverting this equation then provides the viscoelastic solution. This method is undertaken

in Section 7.4.4 to obtain the viscoelastic stresses in the thin film.

7.4.4 Viscoelastic stress analysis

The viscoelastic stress analysis is undertaken using the classical quasi-static correspondence

principle or elastic-viscoelastic analogy.

Using the elastic solution, Eq. (5.61)d, the Laplace transform of the viscoelastic solution is

given by
_A —8 o B
L{T)(z,t)} = EV§£{5C’ (z,t) — 0C"(2,1)}, (7.54)

where the subscript V denotes the viscoelastic entity. E€ is the transformed biaxial modulus,
and its value depends on the choice of the viscoelastic material; for a Maxwell material model,

it is given by Eq. (45) [172]:

— Ey 18K Gns
o _ 7.55
VT 1-uy  (BK(G+ns) +4Gns) (7.55)
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where K is the bulk modulus. For isotropic elasticity, the bulk and shear moduli are given

by [105]

E
3(1—2v)’
E

2(1+v)’

K =
(7.56)
G —

which can be used to simplify Eq. (7.55):

— 6E E
By=——1 - = (7.57)
(E + 67s) (s + E )

Substituting Eq. (7.57) in Eq. (7.54), we obtain
L)) = — B rsce () - 80P (a1
{oy(z.)} = = Py {0C%(2,t) = 0C7(2, 1)},

86” (7.58)
L{) (2, 1)} = —Eﬁ{6%<z,t>},

where the Laplace transform of the elastic solution was identified and substituted based on
Eq. (5.61); the subscript F denotes this elastic solution. Next, we use Laplace transform
operations to simplify, starting with the numerator, which is simplified using the derivative

rule; the subsequent expression is given by

LG (2, 1)} = 1Eﬁ (ci{ dgff} (= 0)). (7.59)
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1
oz, t) = L7 [

7 (e +ote =)

Taking the inverse of the Laplace transform on both sides, we obtain

(7.60)

where F(s) = —t

d—ﬁ
(—ﬁ) and G(s) = Ei{ pn } The first term on the right hand side of Eq
s+ﬁ
(7.60) is simplified using the convolution rule which states that [174]

L((g= f)(t £{/ flt—x) (7.61)
Using Eq. (7.61) in Eq. (7.60), we obtain
B
et = [ Do

_eﬁ

(t—u) _,
du+ao(t = 0)e .
o du

=B

(7.62)
For an initially stress-free system that subsequently experiences diffusion-induced viscoelastic
stresses, Tp(t = 0) = 0; thus 0, = 0f =5

5 —5
oz, t) = g

(7.63)

Equation (7.63) represents the viscoelastic (Maxwell) stress distribution in a thin film of
thickness z; at a given time ¢

7.4.5 Mass transport in the viscoelastic layer

Sections 7.3 and 7.4.4 describe the viscoelasically-coupled transient diffusion in the thin-film
bilayer.
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Assuming one-way coupling between diffusion and deformation, the viscoelastic stresses in
the thin film, induced by diffusion of B-entities, do not influence diffusion. Thus, the modified
Fick’s equation for diffusion, Eq. (3.5), is still applicable. Subsequently, the results of Section
7.3 provide the solution to the concentration field. Figure 7.2 illustrates these solutions, Eq.
(7.42), by showing the results for the concentration deviation in the two phases. For further

clarification, Fig. 7.3 shows the effects of C. The semi-analytical solutions were evaluated

in MATLAB®.
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Figure 7.2: Normalized concentration deviations, 0C/C,,, in the two phases at time
2.7 s in the presence of a general interface, located at zy/z, = 0.25. The prescribed flux is
0.01 mol/m?s, Vj is 500 m/s, and the diffusivity ratio, D'/ D'® = 2. This figure shows three

cases corresponding to different ratios of equilibrium concentrations.
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7.5. Discussion

this composite problem.
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subsequently, the interface is no longer in interfacial equilibrium.

Figure 7.3: Concentration deviation, C vs distance, z, for two cases of C. The interface

exhibits a concentration jump that is transposed from the C = 0.5 case to the C' = 2 case.

This chapter considered transient concentration fields that are interacting at the interfaces;

The flux, J*, is applied at z = 0, and the simplified Robin condition is approximated as a
Neumann condition; i.e., it is assumed that (z; < 1. The second boundary condition is also

a flux condition; consequently, the classical solution methods of PDEs cannot be applied to



For a single layer subject to two flux boundary conditions, the solution to the diffusion
equation can be derived using the classical method of Laplace transformation [175].
Subramanian and White [168] have demonstrated that this solution to the single layer
problem can also be derived using the method of variable transformation, which splits the
solution into three components to account for the nonhomogeneous boundary conditions,
homogeneous boundary conditions, and the initial conditions [168]. Furthermore, this latter
method can be easily applied to a bilayer system; subsequently, it is used to solve for the

concentration field.

7.5.1 Interface boundary condition

The interface boundary condition (IBC) given by Eq. (7.4) describes the transfer of B-atoms

at the interface. It is given by
—J; = Vo(C8 — KpCP), (7.64)

where the discontinuous weighting function, C’, is identified with Kp, which denotes the
partition ratio for the system under consideration; it is also known as the distribution
constant, and represents the ratio of concentrations of a component in two phases at
equilibrium [176]."¥ Thus, the interface can be interpreted as a membrane and the IBC
contains the pertinent membrane transport parameters related to diffusion, partitioning, and
permeation; in this model, the characteristic velocity, Vo [m/s|, represents the permeability

of the membrane, and characterizes its diffusing ability of the solute.

The concentrations are not continuous at the interface, i.e. there is imperfect contact at the
interface because the interface exhibits a resistance called the mass transfer resistance, which
is manifested as a discontinuity in the chemical potential and hence the concentrations. The

equation also displays a discontinuity in the diffusivity as well as represents a semi-permeable

181t is noted that this dimensionless material parameter appeared in Chapters 5 and 6 as well.
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membrane with a finite permeability between 0 (impermeable) and oo (fully permeable).
Considering a few limiting cases can provide more insight into the physics of this general

interface model.

Partition ratio = 1

Partitioning occurs because of a chemical potential difference between the two phases. In the
absence of partitioning, the B-entities are able to move freely through the interface. Thus,
in the limiting case where both phases exhibit the same equilibrium capacities, C¢, = qu,

the interface condition simplifies to
—J; =Vo(CF = C)), (7.65)

which exhibits semi-permeability but without any chemical potential jump. When Vj = 0
(i.e. zero permeability), the above equation simplifies to a perfectly reflecting condition with

the flux at the interface equal to 0.

Fully permeable membrane

When Vy — oo, (i.e. fully permeable) the general interface condition simplifies to

Ca
Cy — =3l =0, (7.66)
Ceq

where partitioning still occurs.

Perfect contact

In the absence of partitioning, Eq. (7.66) simplifies to Cf = C’f , i.e. the interfacial

concentrations are equal and there is perfect contact.
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7.5.2 Model validity

Both Fickian diffusion, Eq. (7.5), as well as the simplified boundary condition at z=0 are
valid for small times and small thicknesses, (z; < 1. For later times as well as larger
thicknesses, the effects of the viscoelastic stresses on diffusion can no longer be ignored;

subsequently non-Fickian diffusion models must be invoked.

7.5.3 Viscoelastic thin film

In this chapter, the diffusion-induced deformation is viscoelastic, i.e. diffusion can loosen
the network structure of the S-phase, which has the constitution of a Maxwell fluid, and can

now flow according to Eq. (7.50). The stress relaxation is diffusion-controlled.

The system exhibits a relaxation time, which is given by 7, = 677/@[3. The normalized
time is given by t/7, = E’t /6m; as this normalized time increases, the viscoelastic stresses
decrease and subsequently vanish as the normalized time approaches infinity. Thus the
system eventually relaxes to equilibrium. Consequently, there is no material degradation as
the film/substrate interface is stationary and the film returns to its stress-free state with

time.

The presence of viscoelasticity introduces a time lag between the elastic and viscoelastic
stress that is characterized by the viscosity, 1. For systems exhibiting large values of n, the
time lag is negligible, and the stress is elastic. Furthermore, Eq. (7.63)b shows that the
Maxwell type viscoelasticity reduces the magnitude of the stresses when Eg(z,t) is of the

same sign for all times, for a given value of z.

7.5.4 Thermodynamic framework

The presence of viscoelasticity implies that the framework of linear irreversible

thermodynamics (LIT) or thermodynamics of irreversible processes (TIP) is no longer
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applicable because it relies on the postulate of local equilibrium hypothesis (Section 5.4.6);
subsequently, the kinetic models of this framework are unable to capture the material
behavior described by the Maxwell model. The simplest extension of the LIT formulation is
the Internal Variable Theory (IVT) or Thermodynamics of Internal Variables (TIV). This
nonclassical framework expands the state space of classical thermostatics to include internal
or hidden variables that account for the internal order that characterizes the material under
study. For the Maxwell material, by identifying the internal variable with the viscous strain,
the rheological model given by Eq. (7.50), can be derived within this IVT formulation.
It is noted that the IVT framework replaces the local equilibrium hypothesis of LIT with
a generalized axiom called the hypothesis of the local accompanying state (LAS), which

postulates an accompanying (fictitious) equilibrium state to each non-equilibrium state [120].

In this chapter, we used a continuum mechanics concept, namely, the correspondence between
elasticity and viscoelasticity, to prepare a partially-coupled model. This approach also
allowed us to sidestep the thermodynamic considerations described above. However, to

extend and develop the model further thermodynamically, the foundations must be revisited.

7.5.5 Moving boundary

To incorporate a moving boundary in the absence of deformation, one can prescribe the

interfacial kinetics, z; = kt?, where & is a kinetic parameter.

In the presence of viscoelastic deformation, moving boundaries pose a problem because
the classical elastic-viscoelastic analogy cannot be applied as the underlying Laplace
transformation is defined for stationary boundaries. However, for the thin-film bilayer
under study, the mechanical conditions at the interface correspond to a trivial solution.
Subsequently, the classical correspondence principle still applies in the presence of partial

coupling and the moving boundary can be prescribed. However, such models may be of
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limited utility when the effect of viscoelastic stress on diffusion must be considered as the

film grows, requiring nonclassical theories such as IVT.

7.6. Summary

Viscous and viscoelastic effects appear in several thin-film applications including silicon
oxide processing and polymer technologies, where they accompany diffusion and reactions.
Polymers are increasingly used as coatings, barriers, and membranes in organic electronics
and controlled drug delivery technologies; in the latter application, design considerations

include concentration profiles of the drug at various times [177].

This chapter formulated a viscoelasically-coupled unsteady diffusion problem in a thin-film
bilayer. Sections 7.3 and 7.4 describe the solution, which is semi-analytical, and valid for
small times and thicknesses. The problem is partially-coupled as the stress does not affect

diffusion.

To illustrate the pharmaceutical application of controlled drug release with respect to the
system under study, we consider the following scenario: the applied flux is used to inject the
desired amount of solute (drug) into the thin film; the flux is then turned off, and the system
sealed. The film has undergone viscoelastic deformation during the diffusion of the drug.
When the system is in contact with the target environment, the drug is released (desorption),
and the film gets restored to its stress-free state. Thus, the drug or solute can be stored for

later release.

The thin-film bilayer model also featured a general interface. Physically, this sharp interface
represents a thin membrane that is permeable to the small and mobile B-atoms. In problems
of membrane transport, processes of diffusion and permeability play a key role. For example,
in applications where the film acts as a protective layer against the B-entities, it is desirable

to have an impermeable interface and an inert film with respect to phase transformation.
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The IBC given by Eq. (7.4) is a general interface condition that combines many types
of interfaces; it includes discontinuity in diffusivity, discontinuity in chemical potential
(imperfect contact), and semi-permeability. Such interfaces are of interest in studies of
living cell membranes, where the transport of small ions or molecules occurs by diffusion

across the membranes; the diffusion of these species is often described by Fick’s equations.

Furthermore, the IBC, derived in this work using simple kinetic considerations, resembles
the modified Kedem-Katchalsky (K-K) equation in the absence of convection [178, 179];
the K-K equation is well-known equation in biological literature to describe transport of
substances across biological membranes. Finally, it is noted that the mass transfer resistance
exhibited by this interface is analogous to thermal or contact resistance in heat conduction

literature [180-182|, and charge transfer resistance in battery literature [183].

Incorporating viscoelasticity, and thereby, new mechanics and material response, required a
visit to the foundations of continuum mechanics and the underlying principles used to build
the constitutive theories of elasticity and fluid mechanics. While the L-C framework used in
previous chapters is no longer valid in the presence of viscoelasticity, it was possible to forgo
these thermodynamic considerations at present because the problem is partially-coupled and
the mechanics can be derived using the classical correspondence principle. Thus, we were
able to analyze the diffusion-induced stresses within the framework of linear viscoelasticity
and the concentration field within the framework of classical thermodynamics for the planar
bilayer of Fig. 5.1 with the film exhibiting viscoelastic (Maxwell) deformation. Nevertheless,
the systematic set up of the model led to the following modeling insights: partially-coupled
analyses of systems that feature a moving boundary and non-trivial mechanical BCs at
the interface require an extended version of the correspondence principle [173], and a
fully-coupled diffusion-reaction-deformation analysis requires a reformulated thermodynamic
framework. The IVT formulation can be used for small deformation and material models such

as the Maxwell model, however for large deformation as well as complex materials, further
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extensions may be necessary. For example, the Hookean spring of the Maxwell model can
be generalized to accommodate larger deformation. Similarly, the Maxwell model, which
features a single relaxation time, may be generalized to exhibit a distribution of relaxation

times.
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Chapter 8

Modeling insights and implications

“Men can do nothing without the
make-believe of a beginning.

Even science, the strict measurer, is
obliged to start with a make-believe
unit, and must fix on a point in the
stars’ unceasing journey when his
sidereal clock shall pretend that time is

at Nought.”

George Eliot
We began our modeling exploration by selecting a thermodynamic framework that provided a
natural extension of classical thermodynamics. Most models are thermodynamic, few kinetic
even though the latter are most useful to technological applications. In this thesis, we used
the Larché-Cahn theory as the starting point, and applied and extended it to model the

growth kinetics in two geometries as well as predict the effects of diffusion-induced stresses.

However, solely kinetic models are often utilized to estimate the key kinetic parameters.

Indeed, Fick’s first law of diffusion is a phenomenological equation based on experiments.
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Modeling the chemical kinetics of diffusion and reaction in solids, particularly the growth
behavior, was the motivation for this thesis and will continue to drive our research, with
kinetics at the forefront. Therefore, this chapter takes the kinetic viewpoint to develop
further modeling insights and set up future work. First, let’s consider two illustrative semi-

infinite planar problems with a prescribed surface concentration.

8.1. Fickian diffusion with a moving interface

Consider a semi-infinite supersaturated a-phase. Initially, this phase occupies the spatial
range: 0 < z < oo. When the boundary, z = 0, is subjected to a concentration C*, a sharp
interface develops and propagates into the a-phase; this interface divides the a-phase from
the S-phase that is growing at the surface and at time ¢, occupies the region 0 < z < S(t),

where S(t) denotes the location of the interface.

It is assumed that the concentration changes in the semi-infinite a-phase, which acts like a
reservoir, can be ignored; subsequently, only the S-phase experiences diffusion of B-atoms.

The Fickian diffusion equation is given by

oCP 92CP
o =D (8.1

The mass balance condition at the interface is given by

oCc” dz
Dﬁ_ — B8 _ aN~T
0z s (Ceg = Cco) dt 1s@)’

(8.2)

where it is assumed that the interfacial concentrations are constants, and correspond to the

equilibrium values.

An exact solution to this semi-infinite diffusion problem is given by [11]

Cﬁ(z,t) =C"+cerf <2L\/ﬁt>’
CP(z,t) — C*  erf(y2/S) (8.3)

cs—cx  ef(y)
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where ¢; is determined by the interfacial boundary condition: C* + ¢y erf(S/(2v' Dt)) =
C’fq; as the interfacial concentration is assumed to be constant, it cannot depend on time,

i.e. S/(2v/ Dt) = v, a constant, which is to be determined by the transcendental equation

resulting from Eq. (8.2):

(C* - CF)
Vayerf()e == — <2 (8.4)
(Coq — C2)
For small values of 7, the error function is given by [184]
2, > 2n,72n+1
erf(y) = ——=e™” —_
N3 = (2n+ 1!
Subsequently, Eq. (8.4) simplifies to
) (2,)/2>n+1 (8 5)
— (2n+ 1N '

A general series such as

can be reversed to

72 = ibn = 5n>
n=1

where by = 1/ay, by = —ay /a3, and by = (2a3 — ajaz)/aj [185]. Subsequently, we obtain

7 3
Sk (8.6)

2 _ € ?
2 16 90°

")/:
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8.1.1 Control parameter

Equation (8.4) illustrates the kinetic parameter that controls the diffusion behavior of the

solution:

*_ OB *_ (OB
(Céy —C2) aCy

€q

where the latter equation is applicable to stoichiometric reactions; a is the stochiometric

coefficient.

This supersaturation ratio is a key parameter that controls the growth kinetics as well as

the validity of steady state diffusion models, as seen in the subsequent sections.

8.1.2 Pseudo-steady state solution

The pseudo-steady state (PSS) or quasi-steady state (QSS) approximation represents a

suitable estimate of the time-dependent solution when ¢ < 1.

Using a boundary fixing transformation, y = z/S(t) [186], Eq. (8.3)b can be written as

CPz,t) —C*  erf(yy) 0! e "dn

— Sy 8.8
cl—cn erf(y) [, e dn 8.8)

which is simplified using the Taylor expansion for the exponential function, resulting in the

PSS solution to the concentration, which is given by

CP(z,t) — C* 2 2
= 1 _I._ —),
cy - S(t)( 3)

cl—c+ Sty

(8.9)

when ¢ < 1. The location of the interface is given by

Spss(t) =V 2e¢Dt. (810)
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Equations (8.9) and (8.10) demonstrate that the PSS solution forms an upper bound on the

concentration and a lower bound on the interface position.

8.1.3 Growth kinetics

The reaction interface location exhibits parabolic behavior, i.e. S(t) = O(t'/?). It is noted
that the short-time behavior of the interface speed is not physical because the velocity,

dS(t)/dt — oo as t — 0.

8.1.4 Summary

The presented problem and the subsequent analyses were guided by heat conduction

literature.

Chapters 4 and 5 employed quasi-steady state analyses. The implication of steady state

diffusion was discussed in Section 5.4.6 and illustrated further in the above problem.

Fickian diffusion in the absence of any reaction kinetics contains no natural length or time
scales, leading to a self-similar solution, as seen in Eq. (8.3). The growth of the -phase is
parabolic, which has an effect on the small-time limit behavior, namely that the model does
not exhibit physical behavior in this limit. This ‘blow up’ in finite time is a key deficiency

of this model, and is typically overcome in kinetic models by including reaction kinetics.

Chapter 3 presented a moving boundary formulation using a thermodynamic-kinetic
approach where the driving force for phase transformation was identified from the equilibrium
thermostatics framework of Chapter 2, and related to the velocity of the interface to describe
the phase transformation reaction. This procedure led to the kinetic model given by Eq.

(3.7). Consequently, reaction kinetics arise naturally in this model formulation.

The research methodology of Chapter & was used in the uncoupled and elastically-coupled

analyses of Chapters 4 and 5 respectively, leading to linear-parabolic growth kinetics in the
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planar problem instead of solely parabolic growth. The implications of the linear-parabolic
growth kinetics were discussed in Section 5./4./4 via a limit analysis, which demonstrated that
at small times, the planar interface grows linearly. Subsequently, the small-time asymptotic
behavior in the presence of reaction kinetics, S(t) = O(t), is stable. Thus, including reaction

kinetics in the model has a regularizing effect.

8.2. Concentration effects as moving interfaces

Consider diffusion in both phases in the presence of a perfect interface, which entails
continuous concentrations and fluxes across the interface. Assuming the diffusivity has
different values in different ranges of the local concentration, the two regions, o and f3

correspond to regions of low and high concentrations respectively.

The equations for determining the concentrations, C(z,t), in the two regions are assumed to
be given by Fick’s law with different diffusivities. Thus, two different mechanisms of diffusion
occur with diffusivity D? (D?) in region 3 («) defined by the concentration range C' < Cg
(C > Cs), where Cy is the concentration at the moving boundary, z = S(t). Subsequently,

the conditions of this transient problem are given by

C%(z,0) = Cy,
CP(0,t) = &y, (8.11)
oCc” oC™
— B_ —_— — «a =
D 5 D 5 at z = S(t),

where C, and (' are prescribed concentrations corresponding to the initial condition and
the boundary condition respectively; Eq. (8.11)c is an interfacial boundary condition,
representing continuous flux across the interface. Since the interface is moving because
of the effects of diffusion, the kinetics follow a parabolic law; subsequently, S(t) = kv/t,

where £ is unknown and to be determined. The solution to the concentration field is given
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by [187]

CP(z,t) = Cy + Bgerf <2\/;_5t>7
(8.12)

C%(z,t) = Cy + By erfe (2\/;_%),

where erfc denotes the complementary error function, and Bg and B, are constants given by
Bs = (Cs — CP)/ erf(k/2VDP) and B, = (Cs — C®)/ erfc(k/2v/ D), determined using the
interfacial boundary condition. The parabolic growth kinetic parameter is determined using
(Cs —Cy) /(VTEKe's erf K) + (Cg — C,) (VT K e5e erfe K,) = 0, where K, = k/2v/ D and
K, = k/2VD?.

8.2.1 Vanishing diffusivity at low concentrations

If we set D = 0, C'* stays 0, and the above formulation can be used to solve for
the concentration distribution in the [-phase. Furthermore, the distribution of the local
concentration can be expressed in terms of the local reaction: —DC, = CgS};, where the

derivatives are denoted using subscripts.

That is, using this local reaction instead of the diffusion equation, Cf = DPCP , provides

the same result for D* = 0. Thus, it is possible to interpret the immobilization reaction as

a pure diffusion process, where D = 0 over 0 < C' < Cg with D changing sharply at Cl.

8.2.2 Summary

Transient diffusion problems with discontinuous properties arise in composite barriers and

multilayer applications.

The presented problem assumes a perfect interface, which entails equal capacities or

equilibrium concentrations of the two phases; it can be derived from the general semi-
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permeable sharp interface model that was presented in Chapter 7 and is derived in Appendix

C.2.

Chapter 7 considered a transient diffusion problem with two layers and a general semi-
permeable interface. Unlike the classical methods of solution, an extended separation of
variables was required. The problem was solved in the presence of a viscoelastic thin film;
the interface was stationary. This problem can be extended to incorporate parabolic growth,

as demonstrated by the kinetic problem presented above.

Analyses of macroscopic local diffusion processes and immobilization reactions often
postulate discontinuities in diffusivities [5,187]. The correspondence between diffusion and
local reaction models is noted above; this feature, which is valuable for experimental models

and analyses, is developed further in the subsequent sections.

8.3. Effective kinetic parameters

Experimental modeling frequently involves effective kinetic parameters to fit the
measurements. These heuristic models describe experimental observations by invoking
nonlinearity via the transport parameters to describe the complex kinetics that arise because

of the effects of deformation, microstructure, trapping, and porosity.

For example, measurements of growth kinetics in silicon nanowires (SiNWs) undergoing
lithium diffusion and reaction are fitted to empirical kinetic coefficients to explain the
observed blocking of the phase transformation reaction, which is attributed to the effects of
stress [188]. Liu et al. showed that the measured data could be fitted using either an effective
diffusivity or an effective interface rate coefficient, both involving stretched exponentials; for

pXr/X)? wwhere Dy is the stress-free

instance, the effective diffusivity was given by D = Dye~!
diffusivity, X, denotes the radius of the SINW and X; is its initial radius, p and ¢ are fitting

parameters [188].
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Power-law diffusivities, D(C') = DyC™, describe the kinetics in a wide range of phenomena,
including the diffusivities of many elements at high concentrations; m denotes the power-
law exponent and is constant. For example, the diffusion of dopants, such as boron and
phosphorous, in silicon can be modeled using power-law diffusivities with m=1 and m=2

respectively [189].

8.3.1 Summary

Chapter 5 presented the effective diffusivity for ideal solutions in the presence of elastic

stress:

2 BS ) (8.13)

Des(C) = D0(1 + 557 C

The derivation entailed Vegard’s law, which assumes that the diffusion-induced strains vary
linearly with concentration. Consequently, for higher concentrations and subsequent stronger
elastic coupling, an extension of Vegard’s law and hence the effective diffusivity is required.

Power-law diffusivities may prove to be suitable candidates.

Chapter 5 also predicted reaction blocking in the presence of strong coupling, which is
delineated in Section 5.4.5. This effect of stress is often known as self-limiting lithiation

in battery literature.

8.4. Nonlinear degenerate diffusion

Moving boundary problems can be described within the framework of nonlinear degenerate
diffusion, where free boundaries arise via the theory rather than the formulation. The

manifestation of interfaces is a consequence of the degeneracy.
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The porous medium equation is a well known example of a nonlinear degenerate equation;

the one-dimensional nondimensionalized form is given by'® [190]
Cy = (C"C,),. (8.14)

This model governs a wide range of physical phenomena, including gas percolation in porous
media, spreading of a thin film under gravity, and saturated flow in thin regions in porous

media [191,192]. Subsequently, a vast and rich mathematical literature is available.

8.4.1 Waiting time solutions

Waiting time solutions of nonlinear degenerate diffusion equations feature interfaces that do

not move immediately but after a finite time period known as waiting time, t,,.

Two-parameter family of weak solutions of Eq. (8.14) for ¢ > 0 exhibit a moving free
boundary at z = at’, where @ > 0 and b > 1. Under appropriate initial data, these solutions

exhibit a finite waiting time [191].

8.4.2 Summary

The reaction block phenomenon, predicted in Chapter 5, alters the growth kinetics in a
nontrivial manner, requiring another framework. Thinking in terms of diffusivity, guided by
Eq. (8.13), concentration-dependent diffusivities depending on higher orders can be selected,

where the exponent depends on the material system under study.

Furthermore, it is inferred that the waiting time solutions may capture the reaction block
phenomenon in a reasoned manner because the analysis of the consequent nonlinear equation

within the framework of nonlinear mathematics can be used to derive error estimates and

19For our planar system, C in this model represents a normalized concentration of B-atoms.
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bounds of concentrations, diffusivities, and waiting times. These estimates may be used to

analyze experimental data.

8.5. Non-Fickian diffusion for viscoelasticity

Transport phenomena in polymer-penetrant systems entail diffusion of solvents in the
polymer’s entanglement network. When these systems exhibit glassy regions, non-Fickian

transport occurs.

Consider a semi-infinite polymer-penetrant system exhibiting two viscoelastic phases that
are distinguished by C, the concentration of the penetrant: glassy (0 < C' < Cg) and
rubbery (Cs < C' < Cgyt), where Cg, denotes the saturation threshold of the polymer and
Cs denotes the concentration at the moving boundary or the concentration at which the

phase transition, i.e. rubber to glassy transition, takes place.

A non-Fickian diffusion formulation that postulates a generalized flux to account for the

viscoelastic effects on diffusion is given by [193]

Cy = [D(C)C. + E5.]

) (8.15)
o+ B(C)e = aC + vy,

where the second term of Eq. (8.15)a represents the contribution of the relaxation process

to the diffusive flux, E, [, and 7 are positive constants, 5 (C) is the inverse of the relaxation

time, assumed to be constant in each material phase, and &, which can be interpreted as a

stress, is a convenient artifice that is introduced to simplify the formulation; its evolution is

described by Eq. (8.15)b [194].

Desorption of saturated films of polymers can lead to the formation of a thin skin of the
polymer with glassy properties. Subsequently, a non-Fickian formulation is required that

accounts for the effects of viscoelasticity on diffusion; by applying the above moving boundary
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model, Edwards [193| predicted the phenomenon of trapping skinning, in which an increase

in the driving force for desorption decreases the accumulated flux.

8.5.1 Summary

Chapter 7 considered a viscoelastic thin film on an elastic substrate. This formulation can
model coatings, barriers, and membranes, where the general semi-permeable interface allows

the desired diffusion profile to be designed.

Polymer-penetrant systems that exhibit glassy regions cannot ignore the effects of
viscoelasticity on diffusion because of their long relaxation times. To model diffusion with

viscoelastic effects, one possible thermodynamic approach is discussed in Chapter 7.

Undertaking a kinetic approach in the context of viscoelasticity entails approximating the
chemical potential to account for the effects of viscoelasticity on diffusion, as seen in the
above example from [193]; it is noted that the assumed chemical potential of Eq. (8.15)a

can be interpreted as an extension of Eq. (3.20).

Using the constitutive equation given by Eq. (8.15)b, which can be interpreted as an
extension of the Maxwell material, Eq. (7.50), their work predicted the phenomenon of
trapping skinning or solvent trapping during desorption. Physically, this blocking effect of
viscoelastic stress on diffusion is analogous to reaction block or solute trapping in the context

of elastically-coupled effects (Chapter 5).

8.6. Discussion

In this thesis, the analyses of the previous chapters illustrated a range of physical phenomena
that result from the diffusion-reaction-deformation coupling; however, when applying any

model, the following items must be addressed:

e model validity
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e crrors and bounds

e control parameters

e comparison to experiments

e pertinent length or time scales
e asymptotic regimes

The previous chapters discussed some of these aspects. This chapter attempted to expand
them further as well as demonstrate additional modeling characteristics by considering five
illustrative planar problems, guided by heat conduction and applied mathematical literature
in addition to the thermodynamic foundation and analyses of this thesis. This exercise
revealed several unifying aspects that link these vast fields. A systemized vetting of the

pertinent features was undertaken to build understanding and shape future work.
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Chapter 9

Conclusions and future work

"Complex models are rarely useful
(except for those writing their

dissertation)."

V.I. Arnold
In this study, the simplest models and assumptions were used to systematically derive,

present, and unify key modeling ideas thermodynamically, kinetically, and mathematically.

9.1. Contribution to original knowledge

By applying and extending the rigorous equilibrium thermostatics framework of Larché and
Cahn to binary two-phase systems, a consolidated theoretical approach, comprising linear

kinetic models guided by the L-C theory is presented. The contributions are as follows.

e Closed-form analytical solutions are presented for composition and elastic stresses in

a core-shell particle and a thin-film bilayer under conditions of steady-state diffusion.

e For the first time, the classical (uncoupled) stress-free growth kinetics of the spherical
core-shell particle and planar bilayer are derived within this formulation, containing

well-defined thermodynamic and kinetic quantities instead of fitting parameters.

145



The growth kinetics exhibit two kinetic regimes, where the limiting behavior is
characterized by the critical thickness parameter, 1/’ (1/¢ in the absence of stress),

which depends on the material parameters, and the applied flux.

The selected theoretical approach also provided the thermodynamic framework to study the

elastically-coupled effects systematically.

e The elastically-coupled parameters that influence the two growth kinetic regimes
are identified, and the nature of coupling is defined to subsequently address the

consequences of strong coupling.

e The coupled phenomena of stress-induced reaction blocking and hysteresis were

predicted for the first time within this framework.

e Stability of the reaction front and isothermal hysteresis are discussed using the
conceptual tools of thermodynamic driving force for phase transformations in the
presence of stress, and the associated energy barrier. In particular, the thermodynamic
origin of hysteresis in the planar bilayer is deduced using graphical analyses and
stability arguments, which represent a novel look at the highly debated origins of
the ubiquitous hysteresis that is characteristic of several material systems, including

the palladium-hydrogen system.

These gaps in knowledge may have persisted in the literature because the original L-C
thermostatics theory is general and involves multiple components and phases, which gave
rise to alternative energy approaches to investigate equilibrium problems. For example,

Puls [77] remarks:

"Beginning in the 1970s, a series of comprehensive studies were carried out
by Larché and Cahn [14-18] to determine the general conditions for thermo-
chemical equilibrium and diffusion in multi-component crystalline solids self-

stressed by coherency strains. The important contribution of these authors
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was the development of a rigorous thermodynamic framework dealing with the
linkage between composition and stress in coherently stressed solids. However,
the very generality of this treatment, involving lengthy and complex relationships
and requiring the introduction of many new physical parameters, seems to
have obscured recognition of some unusual and potentially important physical
characteristics of phase equilbria in such solids. These features were recognized
in two important papers by Williams [26, 27|, who based his thermodynamic

analysis of the effect of coherency strains on a simpler, more intuitive approach."

Indeed, such an alternative energy approach was used as the basis in Chapter 6 to investigate
coherent equilibrium. However, kinetic formulations in the literature have not utilized the
full extent of the original and lengthy L-C theory, which was our starting point to model the

phase growth kinetics.

e This thesis applied the L-C thermostatics framework directly to a binary two-phase

system, and presented it explicitly for the first time.

To explore bilayer mass transfer problems involving viscoelasticity, the techniques of classical
elastic-viscoelastic correspondence principle and extended separation of variables were

applied to a partially-coupled formulation.

e A protocol containing both viscoelasticity and transient diffusion is devised. The
interface model, derived from simple kinetic considerations, describes a general semi-
permeable sharp interface, and is identified with the modified Kedem-Katchalsky (K-K)

equation.

The coupled phenomena of stress-enhanced diffusion, reaction blocking, and hysteresis as
well as their modeling are of immediate relevance to technology and experimental analyses.
To facilitate further progress in this direction, a kinetic point of view is adopted to present the

salient points pertinent to the modeling of transport phenomena, guided by the literature in
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multiple disciplines. Once again, simple kinetic formulations are undertaken for this reflective

analysis.

e The correspondence between modeling diffusion and immobilization reactions is noted
for a moving boundary problem. Subsequently, the stress-enhanced diffusion result of
Chapter 5 is revisited to motivate power-law diffusivities for higher concentrations and

consequently, stronger coupling, which directs us to nonlinear degenerate diffusion.

e A survey of the theory of nonlinear degenerate diffusion reveals that power-law
diffusivities exhibit waiting time solutions, a mathematical analog of reaction blocking!
It is noted that this conclusion was drawn by considering the full tertiary coupling
between diffusion, reaction, and deformation, as illustrated by the concept map in Fig.

9.1.

This transfer of knowledge forms the final contribution of this work, and provides a
natural starting point for future experimental modeling research, which largely employs
heuristic effective diffusivities at present. That is, the framework of nonlinear mathematics
lends itself to (a) modeling reaction as part of the diffusion theory, (b) extracting kinetic
information from effective diffusivities, which are the transport quantities that get measured
in experiments, and (c) estimating the effective diffusivities, waiting times, and concentration

solutions, as well as their bounds.

Furthermore, this reflection encapsulates the multidisciplinary approach involving
thermodynamics, kinetics, and mathematics, and demonstrates the combined capacity of

these fields for modeling insights.

The key contributions of this thesis and their underlying links are presented visually in Fig.

9.1.
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9.2. Modeling implications and extensions

"Coming back to where you started is

not the same as never leaving.”

Terry Pratchett
This work can be extended in multiple directions. Broadly, there are two key areas for further

investigation of the tertiary coupling:

9.2.1 Modeling of diffusion-reaction-deformation phenomena using

nonclassical frameworks

Nonclassical formulations of mechanics, thermodynamics, and kinetics are active areas of

research worldwide with an abundant and growing literature.

By enriching the description of the deformed continuum, these nonclassical frameworks
can enhance the system resolution to characterize their complex behavior in the presence
of additional considerations such as surface effects, charges, porosity, plasticity, fracture,
and viscoelastic diffusion. The literature survey in Chapter 2 cited extensions of the L-C
framework with respect to some of these extensions. However, by applying and extending
the L-C framework to investigate the effects of coupling in considerable detail, we are in
a better position to revisit and assess the vast literature of nonclassical mechanics and
thermodynamics, and substantiate their utility in studying coupled effects in elastic and

viscoelastic applications.

For example, selecting, applying, and extending a suitable nonclassical thermodynamic
framework to account for viscoelastic diffusion is an important area for future research, and
can lend itself to predicting the subsequent coupled phenomena, including the phenomenon
of trapping skinning, which was discussed in Chapter 8. While the Maxwell model of

viscoelasticity can be derived within the TIV framework in the absence of diffusion [195] using
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the notion of internal variables, extending IVT as well as other nonclassical thermodynamic

frameworks to include diffusion is nontrivial and an open area of thermodynamics research.

An example of a nonclassical framework that deviates from the classical Gibbsian
thermodynamics and its extensions is the formulation that employs the notions of a chemical
potential tensor and an equilibrium concentration that depends on the current state. This
framework has been applied to describe the thermodynamic phenomenon of reaction block

[48] in the absence of diffusion and has also included viscoelasticity in recent publications

[196].

9.2.2 Estimating solutions and parameters of approximate

(asymptotic) nonlinear models

Approximate models, constructed using nonlinear kinetics, can be used to describe the system
behavior away from equilibrium. Often, the driving forces in the nonlinear diffusion and
reaction equations are guided by their linear analogs, which serve as building blocks for the
nonlinear model. An example of this approach from the literature was described in Section

8.15, which entails an extension of Eq. (3.20).

While these nonlinear models contain unknown Kkinetic parameters, the utility of the
asymptotic approach lies in their immediate application to experiments by providing the
range of validity of the kinetic parameters, as opposed to merely extracting them by fitting

experimental data.

Chapter 8§ made a preliminary link between the phenomenon of stress-induced reaction block,
predicted in this work using L-C thermodynamics, and the waiting time solution, which
exists for weak solutions of nonlinear degenerate diffusion equations. It would be of interest
to explore this connection further for experimental modeling. For example, revisiting the
literature survey of LIBs in Chapter 2, it is noted that the self-limiting effect of stress,

i.e. reaction block, observed in LIB experiments has been found to exhibit a stretched
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exponential behavior [64]; similarly, the self-limiting behavior in silicon oxidation has also
been explored using the self-same power-law ansatz [197|. Consequently, the framework of
nonlinear degenerate diffusion, which entails stretched exponentials, lends itself to kinetic

models, solutions, and theories that are of utility in the analysis of experimental data.
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A. Phase change in the deformed state

Let & be a vector in the deformed configuration, and X be a vector in the undeformed
state. The displacements and the rotations of a deformable solid are assumed infinitesimal.
Thus, the deformed configuration, @, is obtained by a smooth displacement, u, from the

undeformed configuration, X, which is given by

x=X +u. (1)
This implies
ox
F=—=1 2
ox ~ LT Vow @)

where V, is the gradient operator in the undeformed state, and F 1is called the
deformation gradient, and relates an infinitesimal vector in the deformed configuration to

the corresponding vector in the undeformed configuration. Mathematically, this is given by
de = FdX. (3)

For small strains, the displacement gradient is given by
Vou = € + w, (4)

where € is the small strain tensor, and w is the infinitesimal rotation tensor. In component
. . ou;

form, Eq. (4) is written as: €;; + wy; = ——.

0X;
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For infinitesimal deformation, the scalar components of the infinitesimial rotation tensor
satisfy the condition w;; < 1, and the distinction between the reference and deformed

coordinates disappears, i.e., Vo = V, the gradient operator in the deformed state. Therefore,

Vou = Vu = ¢, (5)
and Eq. (2) simplifies to
F=1I+e. (6)
Using Eqgs. (3) and (6), we obtain
dr = (I +€)dX. (7)

Thus, for infinitesimal strains, the displacement due to phase change in the actual
configuration is given by (I + €)INdz, where INdz is the displacement due to phase change

in the reference configuration.
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B. Mobility of dilute solutions

The phenomenological equation for the chemical potential is given by [7]
p=p’ + RTIn(yX), (8)
where 10 is the chemical potential of the B-atoms under standard conditions (generally, 1.0

atm pressure and the system temperature), and v is the activity coefficient of the B-atoms.

For dilute solutions, v ~ 1. As the thin film and substrate contain dilute amounts of the
B-species, their chemical potentials can be expressed in terms of concentration using Eq.

(1.3). The simplified chemical potential is given by

C
uzpo—l—RTlnC—A. (9)

RT
The derivative of the chemical potential in the n-phase (n = «, 8) is Vu'" = EVC’". Thus,

for isotropic diffusion, Eq. (3.3)a simplifies to
J" = —M"RTVC". (10)

Comparing Eq. (10) to Fick’s first law of diffusion, J7 = —D"V(C", we obtain the
relationship between the diffusivity and mobility for dilute solutions undergoing small

deviations from equilibrium, M" = D"/RT.
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C. Interface conditions

C.1. Kinetic model of the interface

The form of the kinetic model, Eq. (3.7), to describe the velocity of the interface is motivated
by a standard model used in the thermodynamics of reactions of gases. Following [26], let

us consider the following reaction:
aA+bB = cC+ dD, (11)

where A, B, C, and D represent the chemical species participating in the reaction and a, b,
¢, and d are the stoichiometric coefficients of these species. In the forward reaction, A and

B are reactants and, C' and D are products.

The rate of a reaction is equal to the rate of the forward reaction minus the rate of the

reverse reaction, which is expressed as
v = V1 — Uy, (12)

where v is the net rate of the reaction, and v; and v, are the rates of the forward and

backward reactions respectively.

The thermodynamics of reactions of gases use the van’t Hoff isotherm, which is given by [26]

AGr = AGY + RTAlnp;, (13)
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where p; is the partial pressure of component 7, AGr is the change of the Gibbs energy,
and AGY is called the standard change of the Gibbs energy of the reaction; AGy = AGY.
when the reaction occurs under standard conditions (all species are at 1 atm). Equation (13)
assumes that the system is large, i.e., the variation in the number of moles of the participating

species is negligible, and does not affect their concentration or partial pressures.

The van’t Hoff isotherm determines the reaction’s direction: when AGr < 0, the forward

reaction occurs; when AGr > 0, the backward reaction takes place.

At equilibrium, the change in Gibbs energy vanishes:

AGr =0,
c d (14)
bep
b ach,
PaPp

RT In

where the partial pressures are equilibrium partial pressures, and their ratio is given by K,

which denotes the equilibrium constant:

C nd
=0, (15)

K. —
Pk

which is known as the law of mass action and entails equilibrium partial pressures. It is
noted that AGY, and subsequently, K, only depend on temperature.

Thus, RT In K, = —AGY; revisiting Eq. (13), we obtain

AGpr = —-RTIn K, + RT'Alnp,.

1 c d
= RTIn (—pfpr>,
Ky parp

(16)

where the In function includes instantaneous and equilibrium (via K,) partial pressures.
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Using Egs. (12) and (16), we obtain

V= VU1 — Vg,

= kipply — kapEph,

where the reaction constant for the forward reaction is k; and for the backward reaction is
k c nd

ko; subsequently, K, = L= pgpl,? .

ko PaPp

Consequently, we can express the rate of the reaction near equilibrium as

v (1- (1+%+...)),
AG

VR U155,

RT

(18)

which motivates the following kinetic model used for the interfacial reaction rate in Chapter

3:

Vo @

_ﬁc_Ay (19)

Vr =

where vy is identified as the characteristic velocity and denoted using Vj, while ®/C}y is

analogous to Gibbs energy, and drives the forward reaction.

C.2. Interface resistance

The transient diffusion analysis of Section 7.2 features mass-transfer resistance because of
the presence of heterogeneity, i.e. the two phases, a and 3, in the system. This interface

boundary condition is derived using insights from the previous section, namely, by expressing
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Eq. (12) in terms of concentration:

UV = Vasp — Vg=a

= kaOf — ksCY

ksC')
e o ]_ —
Y ﬁﬁ( kaC?> (20)
ce P
= Ua—),@ 1-— Iegq !
oo
ce o8
_ _ e ~Tr
- U1<1 g C?)’

where vg_,, and vs_,, denote the rates of the forward (« — f) and backward (5 — «)

reactions respectively, and k, and kg denote the corresponding coefficients; v1 = v, 3.

Next, we express the net rate of the interfacial reaction in terms of the local flux. For the
planar system, the direction of the z-coordinate is shown in Fig. 3.1; subsequently, the flux
of B-atoms on the a-side of the system across the interface is opposite to the z-direction,

and we obtain

e’ Cgé B
_é_}é = ’U1<1 - Ce]{%),

oo 1)
T =—V(0p - Z3C7),

€q

where J; = J¢ = J7 as per Eq. (7.3).
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D. Axisymmetric mechanics

Assuming axisymmetry, the constitutive relations are given by [103,166|

e _ O v(0gg + 0pp)
- 9

Tr E E
Oy 2V
- E E 066,

and

. oo V(0w + Tpg)

w=F &
_ Ooo _ V(0 + 09)
E E ’

v (1-v)

=50 + g 0

where the superscript e denotes elastic. Using Eqs. (22) and (23), we obtain

o = Fe, 4+ 2vopy,
-1

Opp = — (Eegg —(1- 1/)099>.
v

Solving Eq. (24) for the radial stress, we obtain

FE
Ogg = ( (ver, + €5o),

1—v—2v?%)

o E e e
= ) =2 Vo o).

Subsequently, the radial stress is obtained as follows:

E

Opp = =T ((1 — V)€, + 2V€§9>.
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(26)



Equations (25) and (26) can be expressed in the matrix-vector form:

fogm E 1—v 2v)| |€
(141 -2v)

ol v 1 €50
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E. Mechanical equilibrium reformulation

In the absence of body forces, the mechanical equilibrium condition, Eq. (2.27), in the

component form, is given by
0555 = 0. (28)

Using Eqgs. (5.1), (5.3), and (5.4), we obtain

E (14+v) ACQ v
1+v [6“ TU—w) 3 utiC 2;/6’“’“5“]‘ (29)

Uij =

Taking the divergence of Eq. (29), and writing the strains in terms of the displacement,

€ij = w and ey, = uy , we obtain the displacement formulation of o;; ;:
FE _uijj +ujij CJQ(1+V> 1%
ijj = : - — ij '@},
EEE A ) R 3(1—2v) 0 T T, k%
FE -ui,jj + Uj 5 OJQ(l + V) 14 :|
= — + Uk ki | 5
1+rvtl 2 3(1—2v) 1—2v
FE [ Ui 5 + Uj ij Cﬂﬂ(l + I/) 14 ]
- - Uik | 5
1+vl 2 31—2v) " 1-—2v ™"
E r/1 v 1 (1+v) C,Q
— S Vw4 g — 30
1+u_<2+1—2y>““+2“’“ (1-2v) 3 } (30)

l+vi2d-20) " 2 (1-2v) 3 [
E Uj ji X Ui 55 (]_ + l/) C,iQ-

E 1wy gy (L4v) Cald

Trvi20—2) " 2  (1—-2v) 3 [
E g € i Ui 54 - (1 + I/) Cﬂ;Q_
Trvi20—2) 2  (1—-2v) 3 [
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where e is the volumetric strain given by e = exx = ug i [104].

Applying the divergence operator to Eq. (30), and using Eq. (28), we obtain

€ Uj 55 (1 -+ l/) O,zQ

[2(1—2y) > -2 3 1Y
Cii | Uijii _ (1+v) Cul —0
21—20) " 2 (1—-20) 3 ’
€ i wiggj  (1+v) Cufd 0
21-2v) 2  (1-2v) 3 ’
€ii + Ql - (1 + I/) CMQ —0
21-2v) 2 (1-2v) 3 ’

Q(1+v) B
(6 31— V)O>,n' =0

Q(1+v)

2 —_ — =

v (e 3(1_V>C> 0.

For the state of stresses in our system, e is given by
€= €z + Eyy + €225
= 26, + €.

Using Egs. (5.1), (5.3), and (5.4), we obtain

1 Q
Eij = E [(1 + V)O'ij — Vo-kk(sij] + gCém

Subsequently, the non-zero strains are given by

Ore O
eyyzﬁmzf‘i‘?;
2U0 4 n CcQ
€z = — - -
E 3

3
Aso,, ~T = 50h as per Eq. (5.62), the volumetric deformation simplifies to

3(1—2v)oy,
=— " Q.
e +C
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Substituting Eq. (35) in (31), we obtain
V2(on, +TC) =0, (36)

where I' = SEQ

In the absence of concentration effects, Eqs. (36) and (31) simplify to equations that are
well known in the linear elasticity theory: V2e = 0, which implies harmonic volumetric
deformation and V20, = 0, which implies harmonic mean hydrostatic stress; these

correspond to biharmonic stresses in the static problem [105].
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F. Helmholtz energy density

The Helmholtz energy density is given by

S =u—Ts. (37)

The total differential of Helmholtz energy density is given by

df=dw —Tds — 5dT,
(38)

= O'ijdGij + MdC — JdT,
where Eq. (3.10) is used to simplify.

At constant temperature, T, and concentration, C, Eq. (38) simplifies to

CV: O'ijdﬁfj, (39>

e

where €;; = €; + €; = €], at constant C.

Integrating at constant 7" and C' from a state of zero stress (zero elastic strain), we obtain

v 1
AC.0) =AC.0) - 55 (om)” + 1 i (40)

h = .
where G 20+ )
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For an equibiaxial state of stress, oy, = 04, + 0y = 0. Subsequently, Eq. (40) simplifies to
c 0+ 2
- O —
K ,0) K ,0) + ok
(41)
AC,0) = AC,0) + ¢.
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G. Laplace transformed biaxial modulus

For a Maxwell material, the laplace transformed shear modulus is given by Eq. (7.53):

Qum(s) s Gns
G — — - 42
N R S (R )
— + —
G 7
The linear isotropic elastic moduli are given by
E
C= 0Ty
v
. (13)
K=———
3(1—v)

where K is the bulk modulus.

In the elastic equation, G is replaced by Gy for a Maxwell material, while K remains

unchanged: Ky = K.

Subsequently, using Eq. (42) to replace G in Eq. (43)a, and solving for the transformed

material parameters, Fy and vy, using Eqgs. (43), we obtain

3K (G +ns) —2Gns

= 6K (G + ns) + 2Gns’
(44)
B 9K Gns)
VT 3K(G+ns)+Gns
Thus, the Laplace transformed biaxial modulus for a Maxwell material is given by
_ E 18K G
Ey = LA ns (45)

(1—-wvy) 3K(G+ns)+4Gns

189



H. Transient diffusion analysis

H.1. Discontinuous-weighting function

The eigenfunctions of the series in Eq. (7.42), f®(z) and f#(2), are given by Eq. (7.46). These
functions are not orthogonal; however, they can be made orthogonal using orthogonality

factors?® [169], which are determined by applying the condition for orthogonality:

Zr Zo
C: [ e G [ e =0, (16)
0 21
where C and C, are the orthogonality factors corresponding to f%(z) and f°(z) respectively.

Setting C; = 1, we obtain

[ R )

TRV

(47)

This procedure generates the orthogonality factor, which is also known as the discontinuous-

weighting function for a composite system.

(0%
For our system, Cy = —eﬁq; the details of the derivation are provided below.
€q

20Consequently, f*(z) and f#(z) are known as quasi-orthogonal functions [169)].
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First, using Eq. (7.28)b in Eq. (7.46), the nonorthogonal eigenfunctions are expressed in

terms of \°:
F2(2) = A sin(Apzg) cos(AD(z — 21)),
N (49
fA(2) = 5 sin(A\,D(z; — 2,)) cos(A\,2),
18
where D? = and the eigenvalue, \, = \’. The integrals in Eq. (47) simplify to

Dre’

s e _ AwAusin(Anzr) sin(An2r) sin(DOn — L
| e = ST AT A [ ) (D0 — Ao = )
O = A) SIn(D O+ ) (21 = 20)) .
T 18 (g — AmAn SO D(zr — (21)) sin(AD(er — (21))
| nesiea S50 )

[()\n ) sin((An — Am)21)

4 (M — A sin((An + )\m)zl)} .
(49)

Subsequently, substituting the integrals of Eq. (49) in Eq. (47) provides the orthogonality

factor:

A Am
(tan( D( ZI — Zo)) tan(A, D (zr — ZO)))

Cy=D ( . ) (50)
AmZ1) tan()\nzl)
To simplify Eq. (50), we revisit the transcendental Eq. (7.41), which is given by
1 C AnZo
. - _ fnfe (51)
tan(A\, D(zr — 2,))  Dtan(M,2z1)  v,D
Vozo
where v, DF

«

ﬁ'
eq

Equation (51) is used to simplify Eq. (50), which leads to: Cy = C =
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Consequently, the orthogonal eigenfunctions, denoted ¢g%(z) and ¢°(z), are given by

9%(2) = C1f*(2) = f(2),

9(z) = Cof(2) = Cf2(2).

(52)

H.2. Series coefficient F),

The series coefficient, F),, appears in the two subproblems of the composite planar system,
as seen in Eq. (7.42). To determine F,, the initial conditions, given by Eq. (7.43), are
applied [177,183|.

Applying the initial conditions to each subproblem in Eq. (7.42) leads to
Y Fufi(z) = —u(2),
n=1

= (53)
Y Fufil(z) = —u(2).

Next, we multiply Eq. (53)a by g% (z) and integrate it within the a-phase; repeating the same
step for the series corresponding to the -phase, and adding the two subproblems together,

we obtain

SE| [ rgei [ pede] -

Z, (54)
- [ / w*(z)gy,(2)dz + /0 wﬁ(zmg(z)dz].
Using Eq. (52) in Eq. (54), we obtain
Su[ [ nemee e [ e nee) -
. . (55)

[ [Cweme e [T e,
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The sum of the two integrals on the LHS of Eq. (55) is 0 as per Eq. (46), unless m = n.
Subsequently, the sum in Eq. (55) reduces to one term, m = n, and we obtain an expression
for the series coefficient, F,:

Zowt(2) fo(2)dz + C [ wP(2) f2(2)dz

Fn = T A rz :
Zowe(2)(fe(2)2dz + C [T wh(2)(f1(2))%d2

(56)

193



	Acknowledgements
	Abstract
	Résumé
	List of figures
	List of tables
	List of abbreviations and symbols
	Introduction
	Introduction to diffusion-reaction-deformation phenomena
	Illustrative example from energy storage technologies
	System geometries and material properties
	Diffusion-reaction-deformation in binary systems
	Objectives

	Organization of the thesis

	Literature Survey
	Continuum models for diffusion-reaction-deformation
	Equilibrium thermostatics
	Thermochemical equilibrium of a stressed two-phase solid

	Kinetics
	Classical models of growth kinetics
	Effects of diffusion-reaction-deformation
	Modeling of diffusion-reaction-deformation phenomena


	Moving boundary problems
	Kinetic processes
	Local equilibrium
	Coupling
	Diffusion
	Phase transformation
	Velocity of the interface
	Mass balance at the interface
	Chemical equilibrium at the interface

	Local entropy production
	Legendre transformation for small strains
	Research methodology and model summary
	Stress-free system at equilibrium
	System undergoing diffusion and phase transformation
	Mechanical equilibrium
	Interface conditions
	Boundary conditions


	Uncoupled quasi-steady state analyses of diffusive phase growth
	Spherical core-shell particle
	Concentration deviations
	Interfacial concentration deviations
	Interface kinetics

	Planar bilayer
	Concentration deviations
	Interfacial concentration deviations
	Interface kinetics

	Discussion
	Planar limit
	Limit analysis of the spherical solution
	Stress-free diffusive phase growth
	Validity of the steady-state assumption


	Elastically-coupled quasi-steady state analyses of diffusive phase growth
	Strain contributions
	Diffusion-induced strains
	Elastic strains

	Core-shell particle
	Core thermodynamics and mechanics
	Shell thermodynamics and mechanics
	Stress field
	Interfacial concentrations
	Interface kinetics

	Planar thin-film bilayer
	Bilayer deformation
	Thin film simplification
	Diffusion and elasticity formulation
	Solution

	Discussion
	Stress-enhanced diffusion
	Coupled reaction driving force
	Growth kinetics
	Limit analysis
	Nature of coupling
	Model validity

	Summary

	Phase equilibrium and stability of an elastically stressed thin-film bilayer
	Equilibrium thermostatics
	Two-phase equilibrium when =0

	Coherent concentration field
	Relative stability of phases
	Graphical analyses and discussion
	Stability considerations for open systems at constant temperature
	Stability considerations for closed systems at constant temperature
	Palladium-hydrogen system
	Thermomechanical equilibrium

	Summary

	Transient diffusion analysis of a viscoelastic thin-film bilayer
	Boundary conditions
	Interface model
	Diffusion analysis
	Extended separation of variables method
	Thin film
	Substrate
	Interface conditions
	Initial conditions

	Viscoelastically-coupled analysis
	Foundations of constitutive equations
	Viscoelastic mechanics and material model
	Correspondence principle
	Viscoelastic stress analysis
	Mass transport in the viscoelastic layer

	Discussion
	Interface boundary condition
	Model validity
	Viscoelastic thin film
	Thermodynamic framework
	Moving boundary

	Summary

	Modeling insights and implications
	Fickian diffusion with a moving interface
	Control parameter
	Pseudo-steady state solution
	Growth kinetics
	Summary

	Concentration effects as moving interfaces
	Vanishing diffusivity at low concentrations
	Summary

	Effective kinetic parameters
	Summary

	Nonlinear degenerate diffusion
	Waiting time solutions
	Summary

	Non-Fickian diffusion for viscoelasticity
	Summary

	Discussion

	Conclusions and future work
	Contribution to original knowledge
	Modeling implications and extensions
	Modeling of diffusion-reaction-deformation phenomena using nonclassical frameworks
	Estimating solutions and parameters of approximate (asymptotic) nonlinear models


	Appendices

