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volume-change transformations cause mechanical fracture and pulverization of active
battery materials, which can have detrimental effects on battery cycle life. Recent years
have seen significant efforts dedicated to understanding the mechanics of such large-
volume-change transformations in alloying anode materials. This review paper introduces
recent work focused on various aspects of the mechanics of alloying anode materials,
including in situ characterization of real-time reaction mechanisms and mechanical
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Stress degradation processes, measurements of mechanical properties, measurements and
Fracture simulations of spatiotemporal stress generation and evolution in active battery materials
Chemomechanics and structures, and studies on the interplay between chemistry and mechanics during

reaction. In addition, mechanical effects across length scales within battery electrode
structures are discussed. As demonstrated herein, the improved understanding of the
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mechanics of large-volume-change transformations has been essential for the rational
design of durable high-capacity electrodes for Li-ion and Na-ion batteries.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Li-ion batteries are established as the most impor-
tant energy storage technology for portable electronics
and electric vehicles [1,2]. Despite the success of Li-ion
batteries, emerging applications such as low-cost electri-
fied transportation and grid energy storage require batter-
ies with improved performance characteristics and lower
cost [1]. This necessitates the development of new high-
capacity, low-cost electrode materials for Li-ion batter-
ies [3-9], and/or the engineering of entirely new battery
systems, such as lithium-sulfur, Na-ion, or flow batter-
ies [10-13]. Fundamental scientific and engineering chal-
lenges must be overcome in all these cases.

Conventional Li-ion batteries contain electrode mate-
rials that react with Li* ions via intercalation reactions.
This reaction mechanism involves the insertion and re-
moval of Li* ions as “guests” within the relatively invari-
ant crystal structure of a host material, with only minor
volumetric changes of the host (~5%-10%) [ 14]. The small
volume changes allow for reversibility over hundreds of
cycles, and thus long cycle life. However, these materials
have limited lithium storage capacity since the extra atoms
within the host structure take up space within the elec-
trode and contribute mass to the battery. A variety of ma-
terials are known that have much larger lithium storage
capacities because they react via different reaction mech-
anisms, such as alloying and conversion reactions [15-17].
These reaction mechanisms are characterized by the for-
mation of entirely new phases during reaction with LiT,
and there is often significant (100%-300%) volume expan-
sion/contraction during cycling (Fig. 1 inset). Such extreme
volume changes in active material particles have tradition-
ally led to poor cycle life for a number of reasons, includ-
ing mechanical degradation/fracture of particles and side
reactions accelerated by the continually changing surface
area. Overcoming these issues would allow for the engi-
neering of Li-ion batteries with higher energy density, and
such progress would also enable new materials for Na-ion
batteries.

Inrecent years, it has become evident that the solid me-
chanics of alloying and conversion materials plays a ma-
jor role in these extreme-volume-change transformations
[5,18]. Transformation strains in individual active parti-
cles cause large stresses to exist within these materials due
to ion concentration gradients or external/interfacial con-
straints. These stresses can cause fracture or void growth,
and they lead to changes of morphology during cycling.
Reaction-induced plasticity and flow are also important as-
pects of transformations in certain materials that influence
the magnitude and spatial distribution of stresses within
active material structures. Furthermore, evolved stresses
are intrinsically linked to the thermodynamics and kinet-
ics of the electrochemical reaction process via chemome-
chanical effects; this can have important ramifications for
the energy efficiency during charge/discharge of a battery.
Finally, large-volume-change materials also exhibit com-
plex mesoscale interactions within battery electrodes: me-
chanical interactions between particles, as well as inter-
facial adhesion characteristics, play more important roles
than in traditional materials.

Much recent groundbreaking work has been dedicated
to fully understanding the mechanical aspects of electro-
chemical transformations in various alloying and conver-
sion materials. This review paper is meant to provide an
overview of recent experimental and modeling efforts in
this area, with a focus on alloying reactions of anode ma-
terials. The review is organized in the following manner.
First, experimental observations of volume changes and
fracture processes in various materials will be detailed.
Then, studies on the mechanical properties and dynamic
stress evolution within active material structures will be
presented, along with the current understanding of the in-
fluence of stress on the thermodynamics and kinetics of
reaction processes. Finally, recent work on the mesoscale
and interfacial mechanics of electrode architectures (as
schematically shown in Fig. 1) will be discussed. Together,
this body of work has provided much new knowledge re-
garding these unique transformations, and in many cases,
fundamental mechanics insights have guided the develop-
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Fig. 1. Schematic of a composite battery electrode containing particulate active material, conductive carbon, and polymer binder. The inset shows a single
active material particle before and after reaction with an alkali ion such as Li* or Na*; volume expansion and stress generation during reaction have caused

cracks to form.

ment of materials with improved capacity and cycle life for
Li-ion and Na-ion batteries [19,20].

2. Observations of volume change and fracture pro-
cesses

Understanding and controlling the mechanics of vol-
ume changes and fracture in battery materials is important
for a multitude of reasons. Fracture of active particles dur-
ing cycling can cause electrical disconnection of sections of
the material from the electrode architecture, resulting in
inactive “dead” material. Even when fracture does not oc-
cur, volumetric and morphological changes may also influ-
ence the electrical contact between particles. In addition,
volume changes in anode materials influence the forma-
tion of the solid electrolyte interphase (SEI) layer, a com-
posite film that is formed on the surface of active parti-
cles due to electrolyte reduction. Volume change and frac-
ture expose new surface area to the electrolyte, which re-
sults in the formation of additional SEI, consuming ex-
cess Li™ ions and reducing the Coulombic efficiency during
charge/discharge. Clearly, the control of volume changes
and mechanical degradation is necessary for successful de-
velopment of large-volume-change materials for batteries.

Much of the work to understand the mechanics of alloy-
ing battery materials has been motivated by experimen-
tal observations of volume changes and fracture. Many ex-
perimental studies on transformation mechanisms have
been enabled by recent advances in in situ characterization
methods, such as in situ transmission electron microscopy
(TEM) and in situ X-ray tomography [21-38]. Such exper-
iments can reveal transformation processes in individual
particles in real time, and this information can then be used
to accurately model stress evolution and its effect on reac-
tion processes. In this section, experimental observations

of volume changes and fracture in various alloying materi-
als will be introduced, setting the stage for further discus-
sion of mechanical properties and stress evolution in later
sections.

A variety of in situ and ex situ methods have been
used to reveal volume changes and fracture processes
in single nanostructures. High-capacity alloying anodes
materials such as Si, Ge, and Sn have been widely
studied; Si has received the most attention due to
its highest theoretical capacity and low cost. A “two-
phase” reaction has been observed during the lithiation
of crystalline Si nanostructures, with a highly lithiated
phase (~Li375Si) separated from the crystalline Si by a
reaction front of nanoscale thickness [39]. Crystalline Si
nanoparticles and nanowires fracture during lithiation-
induced volume expansion, with cracks initiating at the
surface of particles [24,25,30,40,41]; this observation
indicates that tensile hoop stress arises at the surface
during lithiation. In situ TEM images of lithiation and
fracture of a single Si particle are shown in Fig. 2(a)-(d).
Particles smaller than 150 nm in diameter do not
fracture, however, as the total strain energy in smaller
particles is evidently not sufficient to initiate and drive
crack growth [24]. In addition to these phenomena,
the initial lithiation of crystalline Si has been shown
to be highly anisotropic, with {110} crystallographic
planes reacting and expanding preferentially [25,42-
44]. This also influences fracture, as radial cracks tend
to initiate at points of stress concentration at the
surface between planes of preferential reaction [40].
After the initial lithiation/delithiation of crystalline Si, the
material transforms to the amorphous phase and remains
amorphous with cycling [5]. Amorphous Si is more robust
towards fracture, with a critical fracture size greater than
~2 um[21,28,45]. This has been attributed to the isotropic
volume change observed for amorphous Si, which avoids
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the hoop stress concentrations at the surface that develop
during the anisotropic expansion of crystalline Si. More
details on stress evolution and modeling will be presented
in Section 3.

Ge reacts via a two-phase mechanism in a similar
fashion as Si, but in situ and ex situ experiments have shown
that the critical fracture size for Ge pillars (~1.2 pm)
is much larger than for Si (~300 nm) during initial
lithiation [22,35,46,47]. Note that the critical fracture size
for Si pillars (~300 nm) is larger than for Si particles,
as the stress magnitudes in the different structures are
expected to be different. The reaction of Lit with Ge
is only slightly anisotropic, and this has been shown to
reduce the magnitude of the hoop stress concentrations
at the surface during lithiation, leading to greater critical
fracture size [46,47]. Another interesting observation is
that delithiation of Ge causes significant porosity to
form within nanostructures [26]; such porosity is not
usually observed after delithiation of Si. The evolution of
porosity during delithiation reduces the total volumetric
contraction and may be a pathway towards controlling
volume changes [46].

Sn is another attractive alloying anode material for Li-
ion and Na-ion batteries due to its high lithium storage ca-
pacity. In contrast to the brittle semiconductors Si and Ge,
Sn is a ductile and malleable metal, and its reaction mech-
anisms and mechanical degradation have been shown to
be different. In situ transmission X-ray microscopy (TXM)
studies on the lithiation/delithiation of ~10 wm diame-
ter Sn particles have shown a core-shell reaction process
and the growth of radial cracks during lithiation [48,49].
Porosity was also evident after delithiation. More recent
in situ TEM studies on (de)lithiation and (de)sodiation of
Sn nanoparticles and nanowires have shown complex size-
dependent mechanical degradation behavior, with mul-
tiple phase transformations that occur sequentially dur-
ing reaction [36,50,51]. Particles up to a few hundred
nm in diameter do not fracture upon lithiation or sodi-
ation, but alkali ion removal causes significant fracture,
pulverization, and pore growth within the active mate-
rial [36,50]. In addition, fusion of smaller lithiated parti-
cles has been observed [36]. Other recent work utilizing
in situ synchrotron X-ray tomography has revealed real-
time changes in the three-dimensional microstructure of
active micron-scale Sn particles in Li- and Na-ion batter-
ies, as shown in Fig. 2(e) [37,52]. These investigations have
revealed that the first two charge/discharge cycles result
in the most mechanical damage to electrode particles, with
the material morphology stabilizing after a few cycles [37].
Interestingly, less pulverization has been observed dur-
ing desodiation of micron-sized Sn particles compared to
delithiation, despite greater volume changes during des-
odiation because of the larger atomic radius of Na™ [52].
Together, these studies have shown that the differing me-
chanical degradation behaviors in Sn, Ge, and Si depend on
the details of the reaction process and stress evolution in
each material. In addition to studies on these materials, in
situ TEM has been used to examine the reaction processes
in a variety of other candidate battery materials, revealing
disparate mechanical degradation pathways [53-56].

Beyond the studies of individual nanoscale structures,
mechanical degradation processes in larger particles
and thin films have also been investigated. In situ X-
ray microscopy techniques have been utilized to study
a variety of alloying and conversion materials at the
microscale within battery electrodes, including SnO, Sb,
NiO, and CuO [31,33,34,57,58]. In general, such materials
with particle size ~5-15 pwm often undergo a core-shell
lithiation process involving the growth of a new lithiated
phase, resulting in radial crack formation during the first
lithiation. Particles in this size range are presumably
larger than the “critical fracture size” for most materials;
thus, observations of fracture are prevalent. In addition
to reaction processes in micron-scale particles, fracture in
thin films of alloying anode materials (especially Si) has
been studied. Li et al. have shown that there is a critical
thickness below which Si films do not fracture during
cycling; this is ~100-200 nm for Si films on a stainless
steel substrate [59]. Furthermore, the fractured area on the
substrate was shown to scale with film thickness. Ge films
have also shown a similar critical fracture thickness [60].
Patterning of thin films so that lateral dimensions remain
below a critical size improves fracture resistance [61].
Finally, recent computational work has revealed cracking
mechanisms in thin film Si materials [62].

As noted in this section, progress in in situ experimen-
tation has led to the observation of atomic-to-macroscale
reaction processes in a multitude of alloying materials
for Li-ion and Na-ion batteries. The detailed knowledge
of volume changes, fracture processes, and mechanical
degradation has motivated the experimental and compu-
tational study of stress evolution, chemomechanical ef-
fects, and mechanical properties, which play an outsized
role in large-volume-change materials. The remainder of
this review is focused on recent work on these topics.

3. Stress evolution within active materials

The large volume changes experienced by alloying elec-
trode materials can be reversible during charge/discharge,
and such reversible volume changes will not necessarily
cause internal stresses to develop. However, stress will be
generated if the volume changes occur in an inhomoge-
neous manner or with external mechanical constraints. In-
homogeneous expansion/contraction commonly arises in
large-volume-change materials due to the formation of
concentration gradients within structures during reaction,
which cause gradients in transformation strain and thus
large stresses. In addition, mechanical constraints (such
as a substrate attached to an active thin film) also cause
stress generation. Importantly, the spatiotemporal evolu-
tion of stress during large-volume-change transformations
depends strongly on a variety of factors, including the lithi-
ation rate, the geometry of the electrode material (e.g., flat
thin films vs. wires/particles), and the reaction mechanism
(e.g., two-phase vs. single-phase phase transformations).

In 2010, Sethuraman et al. developed an in situ wafer
curvature technique to measure stress evolution in thin
film active materials [63]. Since then, a number of studies
have been dedicated to measuring stresses in a variety of
thin film materials during reaction [60,64-70]. Fig. 3(a)
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Fig. 2. In situ studies of mechanical degradation during reaction of alloying materials. (a-d) In situ TEM of the lithiation process of a Si nanoparticle. The
particle expands during a two-phase lithiation process and then fractures. The crystalline Si core is visible as the darker interior, while the Li,Si shell
exhibits lighter contrast. Reproduced with permission [30]. Copyright 2012, WILEY-VCH Verlag GmbH & Co. (e) In situ tomographic X-ray images of Sn
particles before and after sodiation. The left frame shows a multi-particle electrode after sodiation (the edge length of the box in this image is 40 .m). The
right side shows individual particles of different sizes before and after the sodiation process. The initial diameter of the “small” particle is 0.5 pm, that of
the “medium” particle is 1.6 m, and that of the “large” particle is 3.9 wm. Reproduced with permission [52]. Copyright 2015, Nature Publishing Group.

and (b) show galvanostatic discharge/charge curves (a)
and corresponding measured biaxial stress evolution (b)
for a sputtered amorphous Si thin film [63]. Upon lithium
insertion, the Si film undergoes elastic loading, followed
by yielding at a compressive stress of ~1.5 GPa. After
yielding, the film undergoes plastic deformation, with
flow occurring until the end of lithium insertion (at
~1800 mAh/g). Upon lithium removal, the film first
undergoes elastic unloading, which is followed by elastic
loading and then tensile plastic flow. Other work has
shown that the flow stress during lithiation in Si thin
films is strongly dependent on the lithiation rate [71],
with higher lithiation rates causing larger stresses to exist.
This indicates that rate-sensitive plasticity occurs in Li,Si,
and it suggests that the lithiation rate will influence the
occurrence of fracture. Stress evolution in amorphous
Ge films has also been studied [60,67,68]. In general,
the flow stresses in LiyGe during lithiation/delithiation
have been observed to be less than that for Si thin
films [60,67], as shown in Fig. 3(c). Rate-sensitive flow
stress has also been observed in Ge films [67]. Finally,
a recent study has detailed stress evolution in Sn thin

films during cycling [69]. As an electrode material, Sn is
different than amorphous Si and Ge because Sn undergoes
multiple phase transformations during lithiation. These
phase transformations influence the biaxial stress during
lithiation of Sn films, as seen in Fig. 3(d). Here, the jumps
in voltage represent the formation of new phases, and
these events are correlated with jumps in biaxial stress,
indicating complex spatiotemporal stress evolution. Taken
together, these stress measurements in thin films have
revealed the elasto-plastic mechanical response of various
important materials, and they have also improved our
understanding of the physical mechanisms involved in
large-volume-change transformations.

The stress in thin film materials arises primarily
because of the substrate constraint during expansion/
contraction of the film. The situation is different, however,
for the particulate structures that are used in actual
battery electrodes: there is no substrate constraint, and
the particle surface is not flat. Thus, it would be generally
expected that the spatiotemporal stress evolution in
particles or wires is different than in thin films; a
number of studies have been dedicated to understanding



M.T. McDowell et al. / Extreme Mechanics Letters 9 (2016) 480-494

Q

081 4

0.6 |- B

Potential, V vs. Li/Li"

0.2 B

0.0 L L 1 ! 1 L L

I
750 1000 1250 1500 1750 20

00

b 20— T T T T T T T

1.5 -1

ol _

Stress, GPa

-1.0 R

500

1000 1250
Capacity, mAh/g

1500 1750 201

0 250 750

00

485

1250
1000
750

—Li Ge
w—Li_Si
X

Stress (MPa)
o

PR [P U N P S BN T i

0.5 20

xinLi M
X

1.0 1.5 25 3.0

2.00

0.25

o

1.75 I 0.00

1.50 I -0.25
I -0.50
1.00 o I -0.75
0.75 I -1.00

I -1.25

Corrected Stress (GPa)

0.50

Cell Voltage against Li/Li* (V)

0.25 4 I -1.50

time (h)

Fig. 3. Biaxial stress measured in various thin film materials during lithiation/delithiation. (a-b) Galvanostatic potential-capacity plot (a) and measured
biaxial stress (b) as a function of extent of lithiation of an amorphous Si thin film electrode cycled at a rate of C/4 (this corresponds to a time of four hours for
complete reaction). The extent of lithiation (x-axis) is shown as the lithiation capacity in mAh/g. Reproduced with permission [63]. Copyright 2010, Elsevier.
(c) Biaxial stress measured during a lithiation/delithiation cycle for an amorphous Ge thin film and an amorphous Si thin film. These electrodes are cycled
at a rate of C/16 (16 h for complete reaction). Reproduced with permission [60]. Copyright 2016, Elsevier. (d) Biaxial stress (red) and cell voltage (black)
measured during the lithiation of a crystalline Sn thin film. The reaction rate here is C/20. Reproduced with permission [69]. Copyright 2014, Elsevier. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

stress evolution in such active particulate structures
for large-volume-change materials [72-76]. It should be
noted that these studies have been computational or
analytical models based on experimental observations
of transformations, which is due to the experimental
difficulty of measuring real-time stress evolution in
particulate structures. Numerical solutions have generally
utilized finite element simulations in which stresses are
calculated in response to a prescribed transformation
strain based on experimental observations [73].

Compared to thin films, modeling has shown that
both the reaction mechanism and the curvature of
the surface affect spatiotemporal stress evolution in
particulate structures. In situ TEM experiments have
shown that certain materials (such as crystalline Si)
react via a “two-phase” mechanism in which a sharp
reaction front separates a highly lithiated phase from
the unreacted phase (see Fig. 2(a)-(d)) [21,28,39]. Other
materials undergo “single-phase” reaction mechanisms, in
which volume expansion is controlled by the diffusion of
Li or Na within the active material. Two-phase reactions
in a spherical particle involve the movement of a curved
reaction front into the particle (Fig. 2(a)-(d)), while single-
phase reactions feature an extended radial distribution
of Li [73]. Chemomechanical models have shown that
the stress that evolves during lithiation of spherical

particles in these two cases is quite different. In particular,
lithiated material near the curved reaction front in the
two-phase case experiences large compressive stresses,
while material near the surface experiences hoop tension
(Fig. 4(a) and (b)) [72,73]. The hoop tension at the surface
is a consequence of the curved reaction front, and it
can presumably cause fracture, as has been observed in
experiments [24]. For the single-phase case, the hoop
stress remains compressive near the surface (Fig. 4(c) and
(d)). Other work has shown that for hollow structures (like
those increasingly used in electrochemical tests [20,77]),
lithiation-induced stresses are lower during large-volume-
change elasto-plastic transformations [78]. Finally, recent
studies have investigated the effects of more complex
surface curvature and anisotropic expansion behavior on
stress evolution [79,80].

As evidenced from the studies discussed in this section,
inelastic deformation and plasticity play important roles
in the stress evolution during reaction of large-volume-
change materials. The occurrence of plasticity during these
reactions has a number of effects, including influencing
the magnitude of the stress that is generated, dissipating
energy within the system, and also facilitating morpho-
logical changes within active material [81]. Mechanisms
of plastic flow are of particular interest in large-volume-
change battery materials, as they are presumably quite
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Source: Data are reproduced with permission [73].
© 2013, Elsevier

different than conventional deformation-induced flow in
metals. Plastic flow during reaction of amorphous Li,Si has
been postulated to be influenced by the atomic-scale form-
ing/breaking of Li-Si bonds during reaction [82]. Further-
more, the flow stress is dependent on the reaction rate [71],
and it has been predicted to depend on the local hydro-
static stress [83]. Interestingly, other plastic deformation
mechanisms have been observed in different materials;
for instance, lithiation of SnO, induces the formation of
a dense cloud of dislocations near the reaction front [27].
Such unique plastic deformation mechanisms are not well-
understood, and further work in this area may reveal rich
and useful insight.

4. Chemomechanical effects

The stresses that develop during the reaction of large-
volume-change battery materials have been predicted to
be large enough to influence the reaction process it-
self [72]. Such chemomechanical effects can be manifested
either as the influence of stress on the thermodynamic

driving force (i.e., Gibbs free energy) for the electrochem-
ical reaction, or as the influence of stress on ionic diffu-
sion rates within a material [84-86]. The coupling between
biaxial stress and electrochemical potential for Li,Si has
been measured to be ~100 mV/GPa [87]. A number of in-
teresting phenomena attributed to chemomechanical ef-
fects have been experimentally observed in large-volume-
change systems. In crystalline Si nanowires and nanopar-
ticles, in situ TEM experiments have shown that the lithi-
ation rate decreases significantly with the extent of lithi-
ation [23,30]. Example data for a nanowire are shown in
Fig. 5. Analysis of the predicted stresses in both of these
cases showed that the increasing magnitude of hydrostatic
compressive stress near the reaction front served to di-
minish either the thermodynamic driving force for the re-
action or the rate of diffusion. The increasing stress mag-
nitude with the extent of lithiation is a consequence of
the curved reaction front within particles and nanowires,
and these observations have ramifications for the maxi-
mum attainable lithiation rate in real battery electrodes
that contain particles. Other efforts have been focused
on attempts to control or alter the lithiation rate in Ge
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nanowires by applying external bending strains to individ-
ual nanowires [88]. These experiments revealed that lithi-
ation proceeded more quickly at the tensile side, whereas
lithiation was slower at the compressive side, in agreement
with chemomechanical modeling.

Additional focus has been directed towards the chemo-
mechanical effects of thin coatings on the surface of nanos-
tructured active materials, as coatings represent a promis-
ing route for controlling the surface chemistry and mor-
phological changes of large-volume-change materials. In-
ert metal coatings on Si nanostructures, such as Ni and Cu,
have been shown to have the ability to “direct” volume ex-
pansion by altering the morphological changes, stress evo-
lution, and fracture properties of nanostructures [29,89].
In addition, polymer coatings have been observed to cause
the self-delithiation of individual lithiated Si nanoparticles,
which has been postulated to be caused by the compres-
sive stress in the nanoparticle interior that is induced by
the coating [90].

5. Mechanical properties of active materials

Predictive computational modeling is a promising route
to aid in the accelerated design and development of new
electrode materials. Such modeling efforts require a funda-
mental knowledge of the mechanical properties of active
electrode materials, including their elastic, plastic, visco-
elastoplastic, and fracture properties. However, quantita-
tive characterization of mechanical properties of electrode
materials for Li-ion and Na-ion batteries is complicated by
a number of factors. First, the mechanical properties of ac-
tive electrode materials are, in general, a strong function
of Li or Na content; this necessitates systematic measure-
ment with varying Li or Na concentrations under well-
controlled chemomechanical conditions. Second, the in-
herent architecture of Li-ion and Na-ion batteries prohibits
the use of well-established mechanical testing methods.
A Li-ion or Na-ion battery has to operate in a closed in-
ert environment since its electrochemistry is highly sensi-
tive to moisture and oxygen. This constraint adds consid-
erable complexity to experimental design. Third, the elec-

trode materials within a battery have to be connected to
a current collector for transferring electrons to the exter-
nal circuit; the electrical connections usually consist of in-
terspersing the active material within a conductive carbon
framework on a metal substrate (Fig. 1). For accurate char-
acterization of the electrode material, the mechanical cou-
pling between the electrode and the current collector has
to be suppressed or properly accounted for. Finally, recent
ab initio studies have revealed that the mechanical proper-
ties of active electrode materials may not be solely a func-
tion of chemical composition, but may also be affected by
dynamic diffusion and reaction processes [82]. This implies
that the mechanical properties of lithiated or sodiated elec-
trode materials measured under static conditions could be
noticeably different from those obtained during dynamic
electrochemical cycling. In recent years, a number of differ-
ent experimental methodologies have been developed to
overcome these difficulties and measure mechanical prop-
erties of large-volume-change anode materials.

The elastic properties of lithiated Si have been ex-
tensively investigated both experimentally and computa-
tionally. Sethuraman et al. applied the multi-beam opti-
cal stress sensor (MOSS) technique to measure the biax-
ial modulus of an amorphous Li-Si thin film anode as a
function of lithium concentration [91]. Their experiments
showed that the biaxial modulus of Li,Si decreases from
~70 GPa for Lig 3,Si to ~35 GPa for Lis (Si, largely follow-
ing a linear rule of mixtures between the properties of pure
Si and Li. This result is found to be consistent with the pre-
diction from first principles density functional theory (DFT)
calculations [92]. Using in situ high pressure X-ray diffrac-
tion, Zeng et al. measured the bulk modulus of polycrys-
talline Liz 75Si [93], a metastable phase that usually forms
by crystallization of amorphous Lis 75Si upon full lithiation.
By fitting the XRD data to the Birch-Murnaghan equation
of state, they obtained a bulk modulus of 28.4 GPa, which
is very close to that which is linearly interpolated from
the bulk moduli of pure Si and Li. In addition, this study
further showed that the polycrystalline Liz 75Si phase re-
mains stable at room temperature under pressures up to
5.8 GPa. This result provides a possible explanation for why
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metastable c-Liz 75Si can be formed in Li-ion batteries de-
spite large diffusion-induced stress.

There is a rich body of work on the characterization of
Li-ion battery materials with depth-sensing nanoindenta-
tion. Nanoindentation uses a sharp diamond tip to indent
the surface of a material at the nanometer scale and yields
an indentation load vs. displacement response from which
the Young's modulus and hardness of the material can
be determined. The small-volume measurement capabil-
ity and minimal sample preparation required for nanoin-
dentation make it a convenient and effective technique for
characterizing lithiated electrode materials. Several groups
have measured Young's modulus and the hardness of Li-Si
alloys by nanoindentation [94,96-99]. Some of these stud-
ies were performed on amorphous Li-Si thin film elec-
trodes prepared via electrochemical lithiation [94,98,99],
while others were on polycrystalline Li-Si alloys obtained
by high temperature alloying [96,97]. In order to avoid
chemical reaction of lithiated Si with ambient air, great
care was taken in these experiments to maintain the sam-
ples in mineral oil or inert gas environment during nanoin-
dentation. Data from many of these studies are compiled in
Fig. 6(a)-(b). As shown in this figure, the reported modu-
lus and hardness data show a relatively large range of val-

ues, possibly due to variations in materials synthesis and
testing conditions. However, all of these experiments have
clearly shown elastic and plastic softening effects caused
by lithiation; in other words, both the Young’s modulus
and hardness decrease as the lithium content increases.
Computationally, Qi et al. have performed DFT calcula-
tions to investigate the Li-concentration-dependent elastic
properties of a large set of electrode materials [101]. This
study showed that the Young’s modulus of alloy-forming
electrode materials (such as Si, 8-Sn, and Al) generally fol-
lows a linear rule of mixtures with increasing Li content.
In addition to the elastic properties and hardness of
active electrode materials, their stress—strain response is
also needed for constitutive modeling of deformation and
stress generation. Kushima et al. have performed in situ
tensile testing of pristine and lithiated Si nanowires inside
a TEM [102]. The average uniaxial tensile strength of
tested nanowires was found to decrease from ~3.6 GPa
in the unlithiated state to ~0.7 GPa in the fully lithiated
state. Meanwhile, the fracture strain increased from 2%-5%
to 8%-16%. For the lithiated Si nanowires, about 70% of
the tensile deformation was unrecoverable after failure,
indicating pronounced plasticity in the lithiated Si. Similar
in situ tensile testing has been performed by Boles et al.
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inside a scanning electron microscope (SEM) [103], with
the expanded scope of examining the creep behavior
of lithiated Si. Creep experiments of fully lithiated Si
nanowires were carried out by holding an applied stress
and measuring the resultant creep strain. The measured
creep strain rate showed a linear relationship with the
applied stress when the stress was below the yield strength
of the nanowires, which is indicative of quasi-viscous
diffusional creep. For stress levels above the yield strength,
the creep behavior transitioned to a power-law regime
due to the effects of dislocation-mediated viscoplasticity.
Furthermore, an inverse exponential relationship with an
exponent of 3.3 between the creep strain rate and the
nanowire diameter was observed, suggesting that the
creep deformation occurred through bulk diffusion.

The time-dependent deformation of lithiated Si has
been further investigated by Berla et al. using nanoin-
dentation [99]. By combining quasi-static and continu-
ous stiffness measurement (CSM)-based nanoindentation
creep tests, the authors quantitatively studied the creep
response of fully lithiated Si over a wide range of strain
rates (107°-102 s~!). The nanoindentation data analy-
sis revealed a power-law creep behavior with stress ex-
ponents of 20-30, which are considerably larger than the
unity stress exponent reported by the in situ SEM work of
Boles et al. [ 103]. A simple analytical model was developed
by assuming that the creep occurs through a thermally ac-
tivated, shear stress-driven viscous flow mechanism. The
model predicted an activation volume that is compara-
ble to the molecular unit volume of fully lithiated Si. This
led the authors to suggest that the measured viscoplastic
flow occurs by local rearrangement of small atomic clus-
ters rather than individual atoms [99].

The modeling and mitigation of crack formation in
active materials also requires the knowledge of Li-
concentration-dependent fracture toughness, which is a
key property describing the ability of a material to resist
fracture. In several recent studies, channel cracking of elec-
trochemically cycled or mechanically stretched Si thin-film
electrodes was analyzed to infer the fracture energy of
lithiated Si at various lithium concentrations [95,104,105].
The fracture energy of Li-rich Si was reported to be simi-
lar to that of unlithiated Si. This result is in contrast to the
more recent work of Wang et al. [100], who detailed the
surprising phenomenon of an electrochemically-driven
brittle-to-ductile transition during lithiation of Si. In their
study, in situ nanomechanical bending tests on partially
lithiated Si nanowires were conducted to demonstrate the
striking contrast of brittle fracture in pristine Si versus
ductile tensile deformation in fully lithiated Si (Fig. 6(c)).
Quantitative fracture toughness measurements obtained
with nanoindentation showed that lithiated Si exhibited
high damage tolerance as the Li:Si molar ratio was in-
creased beyond 1.5 (Fig. 6(d)). To explain the experimen-
tally observed brittle-to-ductile transition, reactive force
field (ReaxFF) molecular dynamics (MD) simulations were
performed, revealing that the atomic bonding character-
istics (i.e., directional covalent Si-Si bonds vs. delocalized
metallic Li-Li bonds) were responsible for the lithiation-
induced toughening near the crack tip. Notably, the same
brittle-to-ductile fracture transition phenomenon has also

been recently reported by Ding et al. [106], who used
large-scale MD simulations to elucidate a transition in
the lithiation-induced fracture mechanism from intrinsic
nanoscale cavitation to extensive shear banding ahead of
the crack tip. These findings highlight the crucial effects
of Li content on the fracture properties of lithiated Si, and
they have profound implications for the design of fracture-
and damage-tolerant electrodes.

Using the aforementioned nanoindentation method,
Wang et al. have also investigated the fracture character-
istics of lithiated Ge as a viable high-capacity anode mate-
rial [107]. Compared to Si, Ge was found to have slightly
lower fracture energy in the unlithiated state. However,
the fracture energy of Ge increases rapidly upon lithiation
and far surpasses that of lithiated Si at moderate to high
lithium concentrations. This finding provides a compelling
explanation for the superior mechanical robustness of Ge
nanoparticles and pillars observed in previous in situ and
ex situ Ge lithiation experiments [22,47], and it confirms
the substantial potential of Ge for use in durable high-rate
lithium-ion battery electrodes.

6. Interfaces and mesoscale phenomena

The majority of this paper has been focused on the me-
chanical aspects of large-volume-change reactions in in-
dividual structures, such as particles or thin films. How-
ever, as shown in Fig. 1, conventional battery electrodes
are actually composite architectures made up of a com-
bination of particulate active material, conductive addi-
tive, and polymeric binder. The structure of the electrode
is designed to maintain both electrical and ionic transport
pathways within the architecture throughout the reaction-
induced transformation processes. Thus, mesoscale effects
are important to manage within electrode architectures;
such effects include the chemomechanical interactions
among the various electrode components and the mechan-
ical stability of interfaces [108]. This is especially impor-
tant when considering large-volume-change active mate-
rials, as mechanical interactions among contacting parti-
cles, as well as overall volume changes of the electrode,
can influence connectivity and therefore electrochemical
behavior. Understanding mesoscale and interfacial behav-
iors provides a much-needed link between processes in in-
dividual particles and electrochemical performance. In this
section, recent work on mesoscale and interfacial mechan-
ics of large-volume-change battery materials is discussed.

A number of studies have focused on the interfacial
strength and adhesion between large-volume-change
materials and metal current collectors, such as Cu. This is
important both for conventional electrode architectures,
as well as for thin-film batteries in which the continued
adhesion of the thin-film active material during cycling
is necessary. In situ X-ray tomography has revealed real-
time delamination processes between Si thin films and Cu
current collectors during reaction [32]. Such results can
be further understood by considering recent experimental
and theoretical work showing the enrichment of Li at Si-Cu
interfaces during lithiation of Si thin films on Cu current
collectors [109,110]. The high Li concentration alters the
mechanical properties of this interface, decreasing both
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the adhesion strength and sliding resistance between
the layers [109]. Decreased sliding resistance could be
beneficial, since this would serve to diminish the stress
within the active material and may reduce the extent of
delamination [110]. However, control of atomic bonding
at the interface is crucial for reduced sliding resistance;
Si-Cu and Li-Cu bonds have been found to be ideal for
promoting interfacial sliding, while the formation of LiSi3
compounds at the interface lock the layers together [110].
The importance of controlling interfacial adhesion has
been further illustrated in a recent report in which a
single layer of graphene was used to alter the mechanics
and chemistry of the metal-Si interface; the graphene
interlayer greatly improved the capacity retention with
cycling of a Si nanowire electrode [111].

Another important area of study is how interactions be-
tween particles or nanostructures within a battery elec-
trode influence the stress states within particles. This topic
has recently been investigated with a focus on Si nanos-
tructures during lithiation-induced expansion. An exper-
imental study by Lee et al. demonstrated that interac-
tions between expanding Si nanostructures altered the vol-
ume change behavior and also improved fracture resis-
tance during the first lithiation by reducing the influence
of anisotropic expansion [112]. Subsequent modeling has
shown that the mechanical stress generated due to imping-
ing Si nanostructures during lithiation-induced expansion
can significantly alter the stress state and the spatial Li con-
centration through chemomechanical effects [113]. Such
results indicate that particle-particle interactions within
electrode architectures must be carefully engineered, as
they can affect internal stress evolution in particles.

The largest length scale of importance in Li-ion and Na-
ion batteries is that of the entire composite electrode. Vol-
umetric changes and stress/strain evolution at the elec-
trode level are determined by processes at shorter length
scales, including transformations in individual active par-
ticles and interactions between particles. Initial work on
understanding electrode-level mechanics has focused on
electrodes containing conventional intercalation materi-
als, such as graphite and LiCoO, [114-116]. Recently,
a number of authors have studied large-volume-change
materials, which feature more dramatic electrode-level
changes [117,118]. Sethuraman et al. have measured the
stress within composite electrode structures containing Si
active material during cycling, and they have shown that
the choice of polymeric binder significantly influences the
magnitude of stress that develops (Fig. 7) [119]. Binders
that form stronger hydrogen bonds with Si particles (such
as carboxymethyl cellulose, CMC) result in larger stress
values than binders that interact via weaker van der Waals
forces (such as polyvinylidene fluoride, PVDF). These re-
sults further show that mesoscale interactions must be
controlled for tailored mechanical response in electrode
architectures.

In addition to interface adhesion and mesoscale effects,
the mechanical aspects of solid electrolyte interphase (SEI)
growth on large-volume-change materials have also begun
to receive attention. As discussed previously, the SEI is a
film that forms on the surface of anode materials as a result
of the reductive decomposition of the electrolyte. It is made

up of a mixture of inorganic and organic components. SEI
films are electronically insulating, which can potentially
cause electronic isolation of active materials within an
electrode; furthermore, SEI growth irreversibly consumes
Li* and thus decreases the Coulombic efficiency of battery
cycling. In conventional anode materials (i.e., graphite),
the growth of the SEI film is self-limiting, but in large-
volume-change materials, cyclical volume changes can
cause fracture and regrowth of thick SEI films on newly
exposed anode surface. To understand the growth and
fracture of SEI films, it is necessary to measure their
mechanical properties. A few studies have used scanning
probe techniques to determine the elastic modulus of SEI
films on Si electrodes, with reported elastic modulus values
varying between a few MPa and a few GPa [120,121].
Recent experiments by Tokranov et al. have shown that
the mechanical stiffness of the SEI layer depends on the
electrochemical potential at which it is formed [122]. The
differing mechanical properties are related to changes in
the composition of the film. Furthermore, the mechanical
stiffness and ionic conductivity were observed to change
during cycling [ 122]. These results point to the complexity
of SEI films, suggesting that more understanding is
necessary to control SEI growth during battery operation.
This section has focused on the importance of inter-
faces and mesoscale effects in influencing the mechanical
behavior of large-volume-change battery electrodes. Al-
though an increasing amount of work has been dedicated
to this area in recent years, it remains an active research
direction with much remaining work to be done.

7. Conclusions

Recent years have seen enormous research effort ded-
icated to developing high-capacity, large-volume-change
anode materials for Li-ion and Na-ion batteries. Detailed
experimental analysis of reaction-induced transforma-
tions in these materials has revealed the importance of
mechanics in controlling volume changes and mechani-
cal degradation, as significant reaction-induced stresses
and plastic deformation processes are typical. This review
has focused on recent studies dedicated to understand-
ing the mechanics-related aspects of these transforma-
tions, including mechanical properties of active materi-
als, reaction- and diffusion-induced stress evolution, and
chemomechanical effects on reaction processes. In many
cases, close coupling between in situ experiments to probe
transformation processes and modeling to understand un-
derlying mechanisms has provided deep insight beyond
what each approach individually can attain. These studies
have been necessary for engineering the next generation of
damage-tolerant, long cycle life battery anodes.

There is still much to be learned about the mechano-
electro-chemical processes in large-volume-change mate-
rials and electrodes. In particular, our understanding of the
mechanical properties and deformation of SEI layers on
large-volume-change materials is still limited. This is com-
plicated by the complex chemical nature of SEI, which can
change based on the electrolyte used or the voltage sched-
ule employed. Such understanding will be key for minimiz-
ing the formation of SEI on large-volume-change materi-
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als. In addition to studying the SEI, another important area
is the measurement of stress and strain in individual ac-
tive structures other than thin films. Most stress measure-
ments of large-volume-change materials have been made
on thin film structures using techniques such as the multi-
beam optical stress sensor method [63]. Very recent work
has utilized Raman spectroscopy to detect stress evolution
in Si particles during lithiation [ 123]. While modeling stud-
ies have predicted stresses in particles of different shapes
and sizes, more detailed experiments revealing spatiotem-
poral stress evolution in realistic particles would also be
useful. Understanding and quantifying such stress evolu-
tion will enable predictive chemomechanical modeling in
large-volume-change materials, essential for rational de-
velopment of durable high-capacity rechargeable batter-
ies.
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