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Nanowires (NW) have emerged as a promising design for high power-density
lithium-ion battery (LIB) electrodes. However, volume changes during cycling
can lead to fracture of the NWs. In this paper, we investigate a particularly
detrimental form of fracture: interfacial detachment of the NW from the
current collector (CC). We perform finite element simulations to calculate the
energy release rates of NWs during lithiation as a function of geometric
parameters and mechanical properties. The simulations show that the energy
release rate of a surface crack decreases as it propagates along the NW/CC
interface toward the center of the NW. Moreover, this paper demonstrates
that plastic deformation in the NWs drastically reduces stresses and thus
crack-driving forces, thereby mitigating interfacial fracture. Overall, the re-
sults in this paper provide design guidelines for averting NW/CC interfacial
fractures during operation of LIBs.

INTRODUCTION

New technologies powered by lithium-ion batter-
ies (LIB) demand greater capacities, longer cycle
lives, and lower costs.1–4 In response, researchers
have identified a number of candidate high-capacity
electrode materials. Unfortunately, as a general
principle, the more lithium an electrode can absorb,
the more it will swell.5 For example, silicon has an
enormous gravimetric capacity of 3579 mAh/g, but
it swells approximately 300% upon lithiation.5,6

Under constraint, these large strains generate
stresses, which can lead to fracture of the elec-
trode.6–8 Fractured electrodes exhibit large electri-
cal resistivity, may lose electrical contact with the
current collector (CC), and provide a more surface
area for solid electrolyte interphase (SEI) growth,
all of which lead to capacity fade.9–12

To address these issues, electrodes are often
nano-structured in the form of thin films, nanopil-
lars, nanoparticles, or nanowires (NWs).13–15 NWs
are particularly popular due to the open space
between them into which individual NWs can freely
swell, thereby reducing stresses in the elec-
trodes.16,17 These configurations also introduce

shorter diffusion distances for the Li-ions, thus
enabling high charge/discharge rates.14,18,19 How-
ever, despite their advantages, NWs can still suffer
mechanical degradation. For instance, Nguyen et al.
found Si NWs floating in the electrolyte after cycles
of lithiation/de-lithiation due to detachment of the
NWs from the CC.17 In addition to Si, NW electrodes
of Ge, Co3O4, TiO2, and SnO2 have been imple-
mented in LIBs.20–24

Despite the prevalence of NWs in LIBs, only a few
studies have analyzed the mechanics of their frac-
ture. Ryu et al. studied lithiation of Si NWs and
found a critical radius of 300 nm, below which
internal fracture was averted in both simulation
and experiment.25 Liu et al.26 also studied lithiated
Si NWs and found anisotropic swelling under
certain conditions, which resulted in large tensile
hoop stresses which propagated internal cracks.
While internal fractures of NWs have been studied,
no mechanical studies have addressed a separate
key concern: lithiation-induced detachment of the
NW from the CC. During lithiation, the NW
expands but the CC does not. As a result, stresses
are generated near the root of the NW, which may
lead to detachment from the CC, thus diminishing
the capacity of the battery.17
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This paper analyzes detachment of NW electrodes
from CCs during electrochemical cycling. We imple-
mented finite element simulations to calculate the
energy release rate associated with the propagation
of a surface flaw during lithiation. The simulations
also reveal the dependence of the energy release
rate on the crack length, aspect ratio, NW radius,
and yield strength. Overall, the results in this paper
provide design guidelines for averting NW/CC
interfacial fractures during operation of LIBs.

NUMERICAL PROCEDURE

To simulate interfacial fractures along the NW/
CC interface, we performed finite element simula-
tions in ABAQUS. The NW electrode is represented
by an axisymmetric model of length h, radius r, and
surface-crack length a, as shown in Fig. 1. Here, we
implement an axisymmetric model for simplicity
due to the absence of experimental data regarding
the precise shape of the flaws at the NW/CC
interface. Additionally, the crack driving force
depends primarily on the length of the crack and
less so on the precise shape (e.g., the width of the
crack). During the initial step, the base of the NW
was fixed to represent the constraint that the CC
places on it. With this constraint in place, the NW
swells due to the insertion of the lithium. We
simulate this step by implementing thermal swel-
ling to the same level of volume expansion associ-
ated with lithiation of the material (Fig. 1b). As an
example, Si swells by �280% upon lithiation to the
fully lithiated state of Li3.75Si;27,,28 a corresponding
level of thermal strain was implemented to simulate
these conditions, with large deformation taken into
account (Nlgeom enabled in ABAQUS). In this step,

it is assumed that enough time is allowed for
diffusive equilibrium (e.g., as during slow charging)
such that the concentration of lithium is uniform in
the NW. We make this assumption due to the
mechanics of the constraint of the CC near the NW/
CC interface; large stresses develop near this inter-
face regardless of the precise lithiation kinetics.
Likewise, we do not consider the effects of a two-
phase reaction-controlled process, as have been
observed in some studies.29–32 In the final step, a
crack of length a is introduced by opening a free
surface of length a, starting at the surface of the
NW and propagating along the NW/CC interface, as
shown in Fig. 1c. The length of the crack is incre-
mentally increased toward the center of the NW.
During each step, ABAQUS computes the stresses
and strains in the NW. The constitutive model
employed in ABAQUS is essentially elastic-perfect-
plastic but with a small amount of artificial strain
hardening added to mitigate numerical issues in the
simulation, i.e., to ensure convergence.

To calculate the crack driving force, we follow a
method developed by Choi et al.33 in the context of
thin film silicon anodes. They successfully calcu-
lated the energy release rate in ABAQUS by
computing the incremental change in the internal
energy as the crack advances by a unit area. The
energy release rate, G, is calculated as follows:

G ¼ � @U

@A
¼ �Ui �Ui�1

Ai � Ai�1
ð1Þ

where Ui represents the internal energies in the
system when a crack is of a certain length (at step i)
and Ai the areas of the uncracked regions at the
same step, i.e., the quantity (Ai � Ai�1) represents

Fig. 1. Schematics of a nanowire during the ABAQUS simulations. (a) The nanowire prior to lithiation and corresponding dimensions. (b) The
nanowire as it expands during lithiation. The nanowire is fixed along the interface with the current collector, and the strain energy, U1, is
computed. (c) A free surface of length a is introduced to represent a crack. The strain energy, U2, is calculated. The difference between the strain
energies in (b) and (c) determines the crack driving force through Eq. 1.
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the area swept out by the crack during step i. In
ABAQUS, the internal energy includes both the
recoverable strain energy as well as the energy
dissipated by plastic deformation.

Following standard practice,34 the crack driving
force can also be written in the form:

G ¼ Z �Ee2a ð2Þ

where Z is a pre-factor that is a function of non-
dimensional variables, �E ¼ E=ð1 � m2Þ is the plane
strain modulus, m the Poisson’s ratio, � the strain (in
this case from thermal strain), and a the length of
the crack. In this study, we will primarily examine
the effects of non-dimensional parameters con-
tained in the pre-factor, Z ¼ f ðrYE ; aR ;

h
RÞ, on the

energy release rate. The three non-dimensional
parameters represent the effect of plasticity, crack
size (or NW radius), and aspect ratio, respectively,
on the energy release rate.

RESULTS AND DISCUSSION

Figure 2 shows the energy release rate as a
function of crack size after full lithiation of a Si
NW, which corresponds to 280% volume expansion.
The NW had a radius of 200 nm, a height of 600 nm,
and the material properties listed in Table I.35 The
horizontal line in Fig. 2 indicates an interfacial
fracture energy of Ci = 1.5 J/m2, which is represen-
tative of the interfacial energy of a Li3.75Si/Cu

interface.36 The simulation models the evolution of
the crack driving force as the crack advances
incrementally toward the center of the NW. As can
be seen in Fig. 2, the energy release rate monoton-
ically decreases to zero as the crack advances
toward the center of the NW. This phenomenon
occurs because, as the crack length approaches the
radius of the NW, most of the stresses in the NW
have already been relaxed, and thus the crack
driving force has diminished. This result represents
a key advantage of a NW electrode. That is, from our
modeling, we predict that a NW will never com-
pletely delaminate from the CC due to lithiation
alone. Specifically in our simulation of a fully
lithiated silicon NW, propagation of a crack is no
longer energetically favorable once G< Ci, repre-
sented by the intersection of the black curve with
the horizontal red dashed curve in Fig. 2. At this
point, the crack will arrest and the NW will not
completely delaminate from the CC.

Even if our simulations predict that a NW never
entirely delaminates from the CC, crack propaga-
tion still has detrimental effects on the system.
Crack propagation decreases the contact area
between the NW and the CC. As a result, the area
of the conducting path for electrons from the CC to
the NW decreases, thereby increasing the resistance
of the electrode. Similarly, if the crack propagates a
large distance, only a small ligament remains that
connects the NW to the CC. The remaining NW will
be much more susceptible to full debonding due to
subsequently applied external loads.

As an additional note regarding Fig. 2, we also
simulated Si NWs lithiated to various states of
charge. We found that the maximum energy release
rate occurs upon full lithiation, so this paper focuses
on this critical worst-case scenario. We also simu-
lated de-lithiation of a Si NW and found that the
maximum energy release rates were much smaller
than during lithiation. As a result, here, we focus on
lithiation.

We also performed simulations to evaluate the
influence of the mechanical properties of the NW on
interfacial fracture. To do so, we varied the yield
strength in the simulations relative to the elastic
modulus; the results are shown for a NW with a
200-nm radius and a 600-nm height for 10% volume
expansion in Fig. 3. For reference, from Table I,
Li0.47Si has a value of rY/E = 1.4%. Figure 3 clearly
indicates that the crack driving force increases
monotonically with the yield strength of the

Fig. 2. The energy release rate as a function of crack length (nor-
malized by the radius of the NW) after full lithiation of a Si NW. The
horizontal red dashed line indicates a representative value of the
interfacial fracture energy of a Li3.75Si/Cu interface.

Table I. Mechanical properties of lithiated silicon

Li0Si Li0.47Si Li1.47Si Li2.34Si Li3.28Si Li3.75Si

Young’s modulus E (GPa) 113 59 50 43 32 32
Yield strength rY (MPa) 166 800 540 460 340 340
Poisson’s ratio (v) 0.25
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material. This phenomenon occurs because the NWs
are subjected to large swelling strains during lithi-
ation. However, the yield strength of the NW sets a
bound on the stress that can build up in the system.
Smaller stresses due to smaller yield strengths
result in smaller crack driving forces, as there is
less stress to relax in the system.

Figure 4 demonstrates the influence of the aspect
ratio of the NW, h/r, on the energy release rate for a
fully lithiated Si NW. The plot shows the
energy release rate for a specific value of a/
r = 10% (Ga/r=10%) as a function of crack length. In
the simulation, we used the material properties in
Table I. The key feature of this plot is that the
energy release rate plateaus to a constant value
above an aspect ratio of around h/r = 1. In other
words, the energy release rate of a NW (for which h/
r � 1) does not depend on the aspect ratio of the
NW. Thus, all the simulations performed in this
work apply equally well to NWs of any aspect ratio.
The phenomenon can be explained by considering

the mechanics of the constraint placed on the NW by
the CC. Stresses exist near the NW/CC interface in
a region whose height scales with the radius of the
NW. At distances (in the vertical direction) larger
than this, the NW is stress-free. Thus, making the
NW taller only adds unstressed regions to the NW
and thus does not contribute to the energy release
rate. As a final note related to Fig. 4, we should
comment that in the previous analyses (e.g., Figs. 2
and 3), we have used a relatively small aspect ratio
of h/r = 3. However, Fig. 4 demonstrates that even
this small aspect ratio is already in the plateau
region. Thus, the previous simulations (Figs. 2 and
3) are indeed representative of the physics of a NW.

Although the aspect ratio does not influence the
energy release rate, the radius itself does. Figure 5
shows the dependence of the crack driving force (at
a particular value of a/r = 10%) on the radius of the
NW. We use the material properties listed in Table I
and a fixed aspect ratio of h/r = 3 in the simulations.
The plot shows that the energy release rate scales
linearly with the radius of the NW. This result is
intuitive in that the volume over which energy is
dissipated when a crack advances across the entire
CC/NW interface should scale as r3, while the area
of the crack scales as r2, thus leading to a linear
scaling of the crack driving force with the radius of
the NW (for a fixed value of h/r). As mentioned
previously, crack propagation has detrimental
effects on the electrode and thus should be avoided.

CONCLUDING REMARKS

Using finite element simulations in ABAQUS, we
have investigated fractures at the interface between
a NW electrode and a CC in LIBs as a function of
geometric and material parameters. We have found
that the energy release rate decays to zero as the
crack length approaches the radius of the NW. As a
result, the crack either (1) does not propagate at all
or (2) arrests at a length smaller than the radius of
the NW. However, crack initiation has detrimental

Fig. 3. The energy release rate as a function of the yield strength
(normalized by the elastic modulus) for h/r = 3 and volumetric
expansion of 10%.

Fig. 4. The maximum energy release rate as a function of the aspect
ratio of fully lithiated Si NW.

Fig. 5. The maximum energy release rate as a function of the radius
of a fully-lithiated Si NW with an aspect ratio of h/r = 3.
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effects on the system in that it can (1) increase the
electrical resistance of the system and/or (2)
increase the susceptibility of the NW to complete
delamination upon subsequent external mechanical
loading. We also find that the energy release rate is
independent of the aspect ratio but increases lin-
early with the radius of the NW. Furthermore, we
find that plasticity in the NW during lithiation
significantly affects the energy release rate; mate-
rials with relatively low yield strengths limit the
stresses build up in the system, thus reducing
crack-driving forces. As a final note, our analysis
of crack initiation depends on the value of the
interfacial energy of the NW/CC interface. Because
relatively few interfacial energies have been deter-
mined in these systems, we hope this study will
motivate future experimental and first-principles
simulations to determine the interfacial energies of
materials of practical relevance in LIB systems.
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