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a b s t r a c t

Recent experiments show that a thin film anode on a compliant substrate can significantly
mitigate mechanical degradation and capacity fading of lithium-ion and sodium-ion
batteries in service. The enhanced cycle performance of such a substrate-supported thin
film anode is attributed to thewrinkling-induced stress relaxation.While the experimental
evidence is suggestive, there lacks a systematic mechanistic study of the wrinkling of the
substrate-supported thin film anode and its influence on anode cycle performance. We
report a comprehensive study of the charging/discharging induced wrinkling formation
and subsequent morphologic evolution of a substrate-supported thin film anode, using
theoretical analysis and finite element simulations. We reveal that necking bands may
form near wrinkling troughs or peaks and further develop to cause fragmentation of
the anode over charging/discharging cycles, a failure mode not reported in the existing
literature. The density and distribution of the wrinkling-associated necking bands in the
substrate-supported thin film anode can be regulated by the substrate stiffness. Moreover,
the wrinkling-induced necking in such a thin film anode can be deferred by regulating
the charging capacity. These findings offer new mechanistic understanding of substrate-
supported thin film anodes and thus shed light on novel design of high performance anodes
in batteries.

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

The past decade has seen a surge of interest in
developing next-generation rechargeable batteries with
high capacity and long cycling life with an array of diverse
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applications ranging from portable electronics to electric
vehicles, and to grid scale energy storage [1–7]. There exist
intensive studies to search candidate electrodes with high
electrochemical capacity and mechanical durability. For
example, silicon (Si) has the highest theoretical capacity
of 4200 mAh/g when fully lithiated in lithium-ion (Li-ion)
batteries [8] and tin (Sn) alloys with sodium (Na) in Na-
ion batteries at a capacity of 847 mAh/g when Na15Sn4
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is formed [9]. However, extreme volumetric expansion
(e.g., 300%–400%) is often associatedwith the fully charged
state of such electrode materials, which in turn causes
anode pulverization and thus leads to rapid capacity
fading and poor cycle performance of the batteries [10–
15]. Therefore, averting the mechanical degradation of
anodes induced by the extreme volumetric change during
charging/discharging cycles remains as one of the major
challenges in developing high performance Li-ion and Na-
ion batteries.

Tremendous efforts have been focused on mitigating
the mechanical failure of anodes in high-performance Li-
ion and Na-ion batteries. Charging/discharging-induced
stress and associated mechanical failure in Si and Sn an-
odes are widely studied through experimental character-
ization [16–19] and chemo-mechanical modeling [11,13,
20–30]. As revealed from these studies, size reduction, ge-
ometry optimization and surface passivation of the an-
odes are shown to be able to mitigate excessive stresses
induced during charging/discharging and thus help avoid
pulverization of anodes [12,13,20,31]. For example, it has
been demonstrated that nanoscale Si anodes, such as
nanowires [32], nano-particles, nano-beads [31], nano-
walls [33] and nano-sized thin films [34] exhibit supe-
rior cycle performance than their bulk counterparts [35],
largely due to the reduced driving force for crack propaga-
tion in such anodes. Hollow Si nanowires and nanospheres
are shown to not only relieve lithiation-induced stresses
but also reduce the impeding effect of such stresses on
lithiation kinetics [36]. Surface passivation of anodes us-
ing functional coatings such as carbon [37], nickel [38,
39], silicon oxides [40,41] and aluminum oxides [9] can
avoid the repeated formation of excess solid-electrolyte-
interface (SEI) layers and mediate mechanical degradation
of anodes such as fracture and detachment from current
collector [42].

It has been shown that a thin film can be made
deformable by leveraging out-of-the-plane buckling and
wrinkling to accommodate large in-plane deformation
without resulting in significant strain in the film ma-
terial [43,44]. Such a concept has been successfully
used in designing highly deformable flexible electronic
devices [45–47], and recently been applied to design
durable anode structures that can sustain the huge defor-
mation associated with charging/discharging. For exam-
ple, Bhandakkar et al. computationally demonstrate that
honeycomb-shaped anodes allow for buckling deforma-
tion mode during lithiation and delithiation, which effec-
tively reduces the resulting stresses [48]. Yu et al. reported
that Polydimethylsiloxane (PDMS)-supported thin ribbon
Si anodes can yield a cycle performance up to 500 cy-
cles with nearly 85% capacity retention [34], which is at-
tributed to themitigation of lithiation-induced stresses via
wrinkling of the Si ribbons. Zhu et al. showed that an an-
ode for Na-ion battery consisting of a thin Sn film bonded
to a soft wood fiber substrate can sustain more than 400
charging/discharging cycles, while a similar thin film Sn
anode on a rigid substrate suffers from severe capacity de-
cay after only 10 s cycles [9]. Chemomechanical model-
ing reveals that the wrinkling of the Sn film during sodi-
ation/desodiation leads to effective stress relaxation, a key
to the enhanced mechanical integrity and electrochemical
performance of the anode.

While the experimental evidence of leveraging wrin-
kling for designing durable anodes is suggestive, there
lacks a systematic mechanistic study of the wrinkling of
substrate-supported thin film anodes and its influence
on anode cycle performance. Some fundamental but cru-
cial questions remain elusive so far. For instance, while
it is shown that wrinkling can lead to stress relaxation
in thin film anodes, it remains unclear what is the fun-
damental deformation mechanism that governs the me-
chanical failure of such wrinkling thin film anodes under
cyclic charging/discharging. Furthermore, existing com-
putational studies of the wrinkling thin film anodes are
conducted for only the first charging/discharging cycle.
How does the wrinkling morphology of the thin film an-
ode evolve over cycles and how does such an evolution
of wrinkling morphology subsequently affect the battery
performance? Aiming to address these open questions, in
this paper, we report a comprehensive study of the charg-
ing/discharging induced wrinkling formation and subse-
quentmorphologic evolution of a substrate-supported thin
film anode, using both theoretical analysis and finite ele-
ment simulations.

Emerging from the present comprehensive study is
a failure mechanism of a thin film anode supported
by a compliant substrate subject to electrochemical
charging/discharging cycles that is distinct from that of
a thin film anode supported by a stiff substrate. Fig. 1
summarizes the difference in the failure mechanisms of
these two anode architectures. During the first charging
half cycle, the thin film anode thickens to accommodate
the volume increase due to ion insertion. The substrate
constraint further increases the compressive stress in the
thin film anode. Well bonded to a stiff substrate, the
thin film anode remains planar during the charging half
cycle. By contrast, on a compliant substrate, the thin film
anode starts to wrinkle, driven by the charging-induced
compressive stress and accommodated by the substrate
distortion. As to be shown later, the wrinkling occurs in
a rather periodic manner with a wavelength λw that is
governed by the anode thickness and the anode/substrate
stiffness ratio. During the first discharging half cycle, ion
extraction causes the thinning of the anode. Consequently,
on a stiff substrate, substantial tensile stress builds up in
the thin film anode so that channel cracks may initiate
and propagate in the anode in a rather random fashion.
By contrast, during the first discharging half cycle, the
wrinkled thin film anode on a compliant substrate thins
and flattens simultaneously, accompanied by a peculiar
feature of necking formation in the thin film anode
near the troughs or peaks of the wrinkling morphology.
In subsequent charging/discharging cycles, the above
morphological evolution of the thin film anode continues,
leading to two distinct mechanical failure modes of the
two anode architectures. For a thin film anode bonded to
a stiff substrate, more and more channel cracks form and
propagate in the anode in a random fashion, eventually
causing the pulverization of the anode, as observed in
many experiments [49,50]. By contrast, for a thin film
anode bonded to a compliant substrate, the wrinkling
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Fig. 1. Schematic of morphological evolution and associated failure of a substrate-supported thin film anode during electrochemical cycles: (a–d) a thin
film anode bonded to a stiff substrate; (e–h) a thin film anode bonded to a compliant substrate. On a stiff substrate, during the 1st charging half cycle (b), the
anode first thickens to accommodate the volume expansion. No wrinkling occurs in the thin film anode due to the substrate constraint. In the subsequent
1st discharging half cycle (c), the anode thins down, and meanwhile random channel cracks start to initiate and propagate in the thin film anode under
substantial tensile stress. Anode film pulverizes over cycles due to repeated formation of random cracks (d). On a compliant substrate, during the 1st
charging half cycle (f), the thin film anode starts towrinklewith awavelength of λw driven by the charging-induced compressive stress and accommodated
by the substrate distortion. In the 1st discharging half cycle (g), the necking forms at the wrinkling troughs/peaks due to discharging-induced tension. (h)
Over cycling, periodic cracks form at the sites of necking bands, leading to the fragmentation of the anode.
morphology is set by the first charging/discharging cycle,
and the anode eventually fails by fragmentation due to
the progressive development of the necks bands near
the troughs and peaks of the wrinkling morphology. This
failure mechanism of compliant-substrate-supported thin
film anodes is not reported in the existing literature,
and offers new mechanistic understanding of substrate-
supported thin film anodes and thus shed light on novel
design of high performance anodes in Li-ion and Na-ion
batteries. We next delineate a comprehensive study on
this new failure mechanism in details and elaborate the
potential insights on optimal anode design derived from
this mechanistic finding.

2. Initiation ofwrinkling of a thin film anode supported
by a compliant substrate

We first present a theoretical formulation to quantify
the wrinkling and yielding behavior of an elastoplastic
thin film anode supported by a compliant hyperelastic
substrate. The Young’s modulus, Poisson’s ratio and
yielding stress of the anode material are denoted by
Ef , ν and σY , respectively. The hyperelastic substrate is
taken as a neo-Hookean material with a shear modulus
at small deformation denoted by µs. The thickness of the
pristine thin film anode is h. The anode is in the plane
of (x1, x3) with a surface normal along x2 direction. The
hyperelastic substrate is assumed to be infinitely thick,
which is justified by the huge anode/substrate thickness
ratio in real anode architectures (e.g.,>1000). In this work,
we study substrate-supported thin-film anodes operating
at normal charging rates (e.g., C/10) used in typical battery
testing. Such a charging rate is much slower than the Li
(or Na) ion diffusion and reaction in the anode. So it is
reasonable to assume a uniform charging-induced volume
expansion of the anode. For the anode/substrate bilayer
shown in Fig. 1(a) (or Fig. 1(e)), the charging-induced
uniform volume expansion of the anode is constrained
by the underlying substrate. Therefore, the unwrinkled
thin film anode is in a uniform in-plane stress state given
by σ11 = σ33 = −σ . Assuming the thin film anode
remains elastic before wrinkling occurs, the out-of-plane
deflection of the anode is governed by the von Karman
plate equation [51]

D∇
4w + σh∇2w = −T (1)

where ∇
4 is the bi-harmonic operator, D = Ef h3/[12(1 −

ν2)] denotes the bending stiffness of the thin film anode,w
is the out-of-plane deflection displacement in x2 direction,
and T is the stress component acting perpendicular to the
anode that is exerted by the substrate. Considering a one
dimensional wrinkling pattern in the (x1, x2) plane, the
above governing equation admits solutions in the form of
w = ŵ cos(kx1) and T = T̂ cos(kx1), which gives
Dk4 − σhk2


ŵ = −T̂ , (2)

with k being the wave number of the wrinkling. Solving
a Boussinesq problem for a semi-infinite neo-Hookean
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substrate gives [52]

T̂ = 2µskŵ. (3)

Combining Eqs. (2) and (3) yields an eigenvalue equation
σ =

D
t k

2
+ 2µs

t
1
k . The minimum eigenvalue σc defines the

critical wrinkling stress, which is obtained at kc =


µs
D

 1
3

and given by

σc = Ēf


3
2

µs

Ēf

 2
3

(4)

with Ēf = Ef / (1 − ν2). The corresponding wrinkling
wavelength (defined in Fig. 1(f)) can be computed by

λw =
2π
kc

= 2πh


Ēf
12µs

 1
3

. (5)

The above theoretical analysis holds for the case that the
thin film anode remains elastic before wrinkling occurs. As
to be shown by finite element simulations in Section 3, for
the anode/substrate bilayer in Fig. 1(a) and (e), if the critical
wrinkling stress σc defined by Eq. (4) is lower than σY
(note that the yielding stress of an elastoplastic film under
equi-biaxial compression equals the yield strength σY of
the film material), the thin film anode wrinkles elastically
prior to yielding and the correspondingwrinkling occurs at
a wavelength in excellent agreement with the prediction
by Eq. (5). However, if the critical wrinkling stress σc is
higher than σY , the thin film anode first yields, followed by
plastic wrinkling with a wavelength that slightly deviates
from that predicted by Eq. (5), as to be detailed in Section 3.

The above competing interplay between wrinkling and
yielding can be captured by a dimensionless parameter Λ

as the ratio between the critical wrinkling stress σc and
yielding stress of the anode material σY , that is

Λ =
σc

σY
=

Ēf
σY


3
2

µs

Ēf

 2
3

. (6)

The physical significance of Λ is as follows. If Λ < 1,
elastic wrinkling occurs prior to yielding of the anode;
upon the onset of elastic wrinkling, stresses in the thin
film anode are partially relaxed; upon further charging,
stresses may build up in the anode and cause yielding.
If Λ ≥ 1, the anode yields before wrinkling occurs;
with further volume expansion due to charging, the anode
wrinkles plastically. It is worth noting that, the value of Λ

reflects the interplay between material properties of the
thin film anode and the substrate. For example, for a given
anode material, the value of Λ can be tuned by changing
the substrate material (e.g., a stiffer substrate leads to a
greater value of Λ). As to be further shown in Section 4,
the dimensionless parameter Λ not only describes the
competing interplay between wrinkling and yielding, but
also characterizes the failuremodes of the thin film anodes
under cyclic charging/discharging. The theoretical analysis
in this sectionwill be used to benchmark the finite element
modeling results in Section 3 and provide insights into the
anode failure modes in Section 4.
3. Evolution of wrinkling morphology of substrate-
supported thin film anodes

The theoretical formulation in Section 2 holds for the
case of elastic wrinkling prior to yielding (i.e., Λ < 1),
and is based on an eigenvalue analysis, so that does not
account for post-wrinkling. In this section, we carry out
comprehensive finite element simulations to investigate
the charging/discharging induced deformation behaviors
of a substrate-supported thin film anode, from incipient
wrinkling to large amplitude post-wrinkling and for the
full range of values of Λ.

In finite element simulations, the thin film anode
material is taken to be an elastic and perfectly plastic
materials with Ef = 30 GPa, ν = 0.3 and σY =

2 GPa, which are representative for Si (or Sn) anodes in
Li-ion (or Na-ion) batteries [22,33,53,54]. The substrate
is considered as a neo-Hookean material with an initial
shear modulus µs. To study the effect of the substrate
stiffness on the wrinkling of the thin film anode, µs is
varied from 100 MPa to 2.5 GPa, which corresponds to the
range of Λ from 0.22 to 1.86. The simulations are carried
out using ABAQUS Explicit package. Charging-induced
volume change of the anode material is introduced to the
thin film anode through a thermal strain analogy, with
the full charge corresponding to 300% volume expansion
[22,31]. The state of charge (SOC) is defined as the ratio
between the current ion concentration in the anode over
the ion concentration at fully charged state (e.g., SOC =

0 being the pristine state and SOC = 1 fully charged
state). As charging proceeds, compressive in-plane stress
develops in the thin film anode due to the constraint
from the underlying substrate. Wrinkling initiates once
the compressive in-plane stress exceeds the critical stress
defined by Eq. (4), and further evolves as SOC increases.
Fig. 2 presents the morphology of the substrate-supported
thin film anode at SOC = 0.5 and SOC = 1 during
the first charging half cycle for various values of Λ. On
a sufficiently stiff substrate (e.g., Es = 2.5 GPa, Λ =

1.86), the out-of-the-plane deformation of the thin film
anode is fully constrained, so that the anode remains flat
without wrinkling and only thickens due to ion insertion
during charging (Fig. 2(a) and (b)). With Λ = 1.60 (i.e.,
Es = 2 GPa), under charging the thin film anode first
fully yields prior to the onset of wrinkling. As the SOC
increases, wrinkling and thickening of the thin film anode
develop simultaneously (Fig. 2(c)). As a result, a sharp V-
shaped morphology forms at the top surface of wrinkling
troughs, which can be explained in twofold: (i) half of the
wrinklingwavelength in this case (∼5.4h) is comparable to
the final film thickness of the fully charged anode (∼4h).
Therefore, large amplitude wrinkling leads to finite shear
stress,whichmay cause severe local distortion in segments
of the thin film anode (as highlighted by the dashed box
in Fig. 2(d)); (ii) the substrate is relatively stiff so that the
deformation of the anode near the anode/substrate ismore
confined than the anode portion near its free top surface.
As a result, fold-like V-shaped sharp features occur at the
top surface of wrinkling troughswhile the anode/substrate
interface near wrinkling peaks distorts modestly. The
significance of such a deformation characteristic during
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Fig. 2. Finite element simulation results on wrinkling morphology evolution of substrate-supported thin-film anodes at SOC = 0.5 and SOC = 1 in
the 1st charging half cycle, for various values of Λ. (a,b) Λ = 1.86, the thin film anode only thickens without wrinkling due to the substrate constraint;
(c,d) Λ = 1.6, wrinkling morphology develops and sharp V-shaped features form at the top surface of wrinkling troughs. (e–j) Λ = 1.01, 0.87 and 0.64,
respectively, wrinkling forms during charging with a sinusoidal shape. (k–l) Λ = 0.22, wrinkling forms with sharp peaks accommodated by the severe
distortion of the compliant substrate. Color contour denotes the von-Mises stress level. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
charging on the mechanical failure mechanism of the
anodewill be discussed in Section 4. A compliant substrate
yields a smallerΛ, and thus a longer wrinklingwavelength
as well as a larger wrinkling amplitude for a given SOC
(e.g., Fig. 2(e)–(j)). In such cases, the wrinkled morphology
of the thin film anode is rather smooth, without acute
folds at wrinkling peaks or troughs. On a very compliant
substrate (e.g., Es = 0.1 GPa, Λ = 0.22, Fig. 2(k) and
(l)), wrinkling occurs in the thin film anode before yielding,
at a wavelength much larger than the anode thickness,
and develops into large amplitude as charging proceeds. At
fully charged state (SOC = 1), large amplitude wrinkling
of the thin film anode causes severe distortion of the
compliant substrate near the interface at wrinkling peaks.

To further quantify the wrinkling morphology, Fig. 3
plots the wrinkling wavelength λw (triangle markers)
and amplitude A (square markers) at fully charged state
(SOC = 1) as a function of Λ. Both λw and A
decrease when the underlying substrate becomes stiffer
(i.e., increasing Λ). There exists a critical value of substrate
stiffness, above which thin film anode only thickens
without wrinkling during charging. Lack of wrinkling-
facilitated stress relaxation, randomly distributed cracks
can initiate and propagate in the thin film anode over
charging/discharging cycles, which eventually pulverize
the anode and causing irreversible capacity fading [35],
as illustrated in Fig. 1(a)–(d). Our simulations suggest
that such a critical substrate stiffness ranges between
2 GPa and 2.5 GPa, corresponding to a critical value
of Λc between 1.60 and 1.86. If 1 ≤ Λ < Λc ,
the thin film anode yields prior to the onset of plastic
wrinkling; while if Λ < 1, elastic wrinkling occurs in
the thin film anode first before yielding, which sets in
later uponwrinkling deformation developing significantly.
The wrinkling wavelength emerging from finite element
simulations is shown to be in excellent agreement with
the theoretical prediction by Eq. (5) when Λ < 1, and
is slightly greater than the theoretical prediction when
1 ≤ Λ < Λc . Fig. 3 offers quantitative guidelines on
material selection in the anode-on-substrate architecture
in battery design to leverage wrinkling-facilitated stress
relaxation during charging/discharging for a better cycle
performance.

4. Wrinkling-associated deformation and failuremech-
anisms of substrate-supported thin film anodes in sub-
sequent charging/discharging cycles

The study in Sections 2 and 3 focuses on the first
charging half cycle. To further understand the influence
of wrinkling on the structural integrity and performance
of the thin film anodes over cycles, in this section, we
will study how the wrinkling morphology evolves over
charging/discharging cycles and how the evolution of
wrinklingmorphology affectsmechanical deformation and
failure of such anodes.

After the first charging half cycle, extraction of ions
from the anode in the subsequent discharging half
cycle causes contraction of the anode, which is first
accommodated by flattening of the wrinkling deformation
as well as thinning of the anode. Further contraction of
the anode is constrained by the underlying substrate. As
a result, tensile stress builds up and accumulates in the
plane of the thin film anode during discharging. Fig. 4
shows the snapshots of the deformation evolution of the
thin film anode, from the wrinkled morphology at fully
charged state SOC = 1, to a partially discharged state
(SOC = 0.5) and the fully discharged state (SOC =

0), in the first discharging half cycle. On a stiff substrate
(e.g., Es = 2 GPa, Λ = 1.60), the wrinkled anode
flattens and thins significantly upon discharging from
SOC = 1 to SOC = 0.5 (Fig. 4(a)). At SOC = 0.5, the
thin film anode shows a nearly flattened bottom surface



278 Z. Jia, T. Li / Extreme Mechanics Letters 8 (2016) 273–282
Fig. 3. Finite element simulation results on wrinkling wavelength λw (triangle markers) and amplitude A (square markers) of the thin film anode at the
first fully charged state as a function of Λ. There exists a critical value Λc , above which the substrate-supported thin film anode does not wrinkle under
charging. The theoretical prediction of thewrinkling wavelength by Eq. (5) is also included for comparison (dashed line), which shows excellent agreement
with finite element simulation results when Λ < 1, and slightly underestimates if yielding occurs prior to wrinkling (1 ≤ Λ < Λc ).
Fig. 4. Morphological evolution of the wrinkled thin film anode during the first discharging half cycle for various values of Λ. Snapshots at fully charged,
half discharged, and fully discharged states are shown. As discharging proceeds, wrinkling flattens and the anode thins. Tensile stress builds up in the anode
due to substrate constraint, which may cause necking formation at wrinkling troughs (a–b) or wrinkling peaks (d–e).
but a fluctuating top surface, leading to a shape with a
non-uniform thickness that is distinct from the sinusoidal
shape of the anode with nearly uniform thickness at the
same SOC in the first charging half cycle, as shown in
Fig. 2(c). The locations of the thinner segments in the
half-discharged thin film anode coincide with those of the
sharp V-shaped wrinkling troughs (Fig. 2(d)), which can
be attributed to shape-retaining due to irreversible plastic
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deformation. Upon further discharging, tensile stress in
the thin film anode increases. The fluctuating thickness
of the anode acts as geometric imperfection, causing
stress concentration and strain localization (e.g., necking)
in the anode under tension at the proximity of the a
priori wrinkling troughs. At the first fully discharged state
(SOC = 0), the necking bands eventually develop into
diffusive cracks and cause fragmentation of the thin film
anode (Fig. 4(a), right panel). Such a wrinkling-initiated
multiple neck formation in a substrate-supported thin film
anode under cyclic charging/discharging is distinct from
the multiple neck formation in a substrate-supported thin
metal film under a uniaxial tension [55–57]. On a less stiff
substrate (e.g., Es = 1 GPa, Λ = 1.01), the discharging
half cycle features decreasing wrinkling amplitude and
nearly uniform thinning of the thin film anode. By the end
of first full discharge, diffusive necking bands of rather
modest amplitudes form at the proximity of the a priori
wrinkling troughs but no fragmentation occurs in the
thin film anode (Fig. 4(b), right panel). On a compliant
substrate (e.g., Es = 0.8 GPa, Λ = 0.87), the thin film
anode can almost recover its initial flat morphology after
the first full discharging without forming any appreciable
necking (Fig. 4(c)). On a more compliant substrate (e.g.,
Es = 0.5 GPa, Λ = 0.64 (Fig. 4(d)) or Es = 0.1 GPa,
Λ = 0.22 (Fig. 4(e))), after the first full discharging, the
thin film anode can resume a flat morphology but necking
bands set in at the proximity of the a priori wrinkling
peaks. The more compliant the substrate, the larger the
necking amplitude in the anode at the first full discharged
state. This can be explained by the fact that the severe
plastic deformation of the thin film anode near its bottom
surface at the sharp wrinkling peaks at the end of first
full charge (Fig. 2(l)) acts as geometric imperfection to
initiate necking formation during discharging. Results in
Fig. 4 shed new insights on the dual role of wrinkling
deformation on the mechanical integrity of substrate-
supported thin film anodes: on one hand, wrinkling can
effectively mitigate the severe deformation and thus the
resulting stress associated with charging [9,34,48]; on the
other hand, it may induce mechanical degradation of the
thin film anode by facilitating the formation of necking
band during the first discharging half cycle.

We further study the morphological evolution of
the substrate-supported thin film anode in the second
charging/discharging cycle. Results of three representative
cases, with Λ = 1.01, 0.87 and 0.22, respectively, are
shown in Fig. 5. In all three cases, wrinkle re-appears
at exactly the same locations in the thin film anode
to accommodate the associated volume expansion upon
second charging; and the wrinkled morphology of the
anode flattens upon second discharging. For the case of
Λ = 1.01 (Fig. 5(a)), at the second fully charged state,
sharp V-shaped morphology forms at the top surface of
wrinkling troughs, in contrast with the smooth sinusoidal
shape of the top surface at the first fully charged state.
Upon the subsequent second discharging, such sharp V-
shaped features serve as geometric imperfections and
causes necking band formation at the wrinkling troughs,
which eventually leads to the fragmentation of the
thin film anode at the second fully discharged state.
For the case of Λ = 0.87 (Fig. 5(b)), even though
no appreciable necking occurs at the end of the first
charging/discharging cycle (Fig. 4(c)), necking bands can
form during the second discharging half cycle at the
wrinkling troughs. At the second fully discharged state,
some necking bands can even further develop into cracks
to cause fragmentation of the anode. Such a ‘‘deferred’’
formation of necking bands and cracks can be possibly
attributed to the plastic ratcheting of the thin film anode
during repeated charging/discharging. For the case of Λ =

0.22 (Fig. 5(c)), at the second fully charged state, a crease-
like sharp feature occurs at the bottom surface of the
wrinkling peaks, following the necking formation at the
first fully discharged state. Such sharp features evolve
into cracks upon the second full discharging, causing the
fragmentation of the thin film anode.

The studies above reveal that fragmentation caused
by severe necking is the dominant failure mechanism of
a wrinkling thin film anode on a substrate under cyclic
charging/discharging. The necking formation and develop-
ment result from the significant deformation associated
with ion insertion/extraction during charging/discharging.
As the magnitude of anode deformation is intrinsically re-
lated to the amount of ions inserted into (or extracted
from) the anode, it is expected that the mechanical degra-
dation and thus the cycle performance of the anode should
depend on the charging capacity during service cycles. To
demonstrate such dependence, we simulate the morpho-
logical evolution of a substrate-supported thin film an-
ode under cyclic charging/dischargingwith a partial charg-
ing capacity. Fig. 6 plots the morphology of the substrate-
supported thin film anode after 1st, 3rd, 4th and 5th dis-
charging half cycle for 50% charging capacity (i.e., corre-
sponding to 150% volume expansion after charging half cy-
cle) and that after 1st, 3rd, 5th and 10th discharging half
cycle for 25% charging capacity. Here Λ = 1.01. It has
been shown in Fig. 4(b) and Fig. 5(a) that, at full charging
capacity, necking bands appear after the 1st discharging
cycle in such an anode, which further develop into cracks
after the 2nd discharging cycle. Fig. 6(a) shows that the
crack formation in the anode can be deferred to the end
of the 5th discharging cycle if the anode is charged with
50% of its full capacity. Moreover, if the charging is re-
duced to 25% of its full capacity, the thin film anode re-
mains nearly intact after 10 charging/discharging cycles
(further cycles not performed only due to the constraint of
computation expense), without appreciable necking band
formation (Fig. 6(b)). Results in Fig. 6 suggest that the me-
chanical degradation of substrate-supported anodes can
be deferred or even avoided by compromising the charg-
ing capacity of the anodes, another dimension in design-
ing high performance batteries with better cycle life. The
model prediction here is well in line with recent exper-
imental observations in which a thin film Sn anode sup-
ported by a soft wood fiber in a Na-ion battery can sustain
400 charging/discharging cycleswithout significant capac-
ity fading if the anode is charged up to 25% of its theoretical
full capacity [9].

In our study, the elastic modulus of the anode material
is assumed to be a constant during charging/discharging.
Recent researches suggest that the elastic modulus of the
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Fig. 5. Morphological evolution of the thin film anode during the first two charging/discharging cycles for various values ofΛ. (a)Λ = 1.01. Following the
1st charging/discharging cycle, sharp V-shaped features form at wrinkling troughs during the 2nd charging half cycle, which further evolve into necking
bands during the 2nd discharging, leading to the fragmentation of the anode. (b) Λ = 0.87. Even though no necking bands form at the end of the 1st
discharging, plastic ratcheting leads to necking band formation at wrinkling troughs during the 2nd discharging, and some necking bands further develop
into cracks at the end of the 2nd discharging. (c) Λ = 0.22. Necking band formed at the end of the 1st discharging develops into crease-like sharp feature
at the anode/substrate interface during the 2nd charging, which further leads to fragmentation of the anode at the end of the 2nd discharging.
a b

Fig. 6. Morphological evolution of the thin film anode over multiple charging/discharging cycles under (a) 50% charging capacity and (b) 25% charging
capacity. Here Λ = 1.01. Snapshots at the end of each discharging half cycle are shown. At 50% charging capacity, anode fragmentation is deferred to the
end of the 5th charging/discharging cycle, while at 25% charging capacity, no appreciable necking bands form at the end of the 10th charging/discharging
cycle.
anode decreases under charging [54,58]. It is expected
that such elastic softening can help mitigate charging-
induced stress in the anode [59]. Above said, the present
study may to some extent underestimate the cycle
performance of thin film anodes supported by a substrate,
but the revealed key deformation characteristics and
dominant failure mechanisms of such thin film anodes
still hold. Also in this work we assume the perfect
bonding between the thin film anode and the substrate. In
reality, interfacial defects may exist in the anode/substrate
interface during synthesis, or interfacial delaminationmay
initiate under cyclic charging/discharging. Such interfacial



Z. Jia, T. Li / Extreme Mechanics Letters 8 (2016) 273–282 281
defects/delamination are expected to influence the failure
mode of the substrate-supported thin films [60], which
deserves further systematic study.

5. Concluding remarks

We conduct a theoretical analysis and comprehensive
finite element simulations to investigate the evolution of
wrinkling morphology of a substrate-supported thin film
anode and its influence on the mechanical integrity of
the anode under cyclic charging/discharging. For a given
anode material, there exists a critical substrate stiffness,
above which the thin film anode remains flat during
charging/discharging and its mechanical failure mainly
results from the initiation and propagation of randomly
distributed cracks in the anodes. When supported by
a substrate with stiffness lower than the critical value,
the thin film anode wrinkles during charging half cycle
and flattens during discharging cycle. Our studies reveal
the key deformation characteristics and dominant failure
mechanisms of such a wrinkling thin film anode on the
substrate, distinct from that of a thin film anode on a rigid
substrate, as summarized below:

(1) Unlike the randomly distributed cracks formed in a
thin film anode on a rigid substrate during charg-
ing/discharging, wrinkling of a substrate-supported
thin film anode occurs in a periodic manner, with
the spacing between neighboring wrinkles (i.e., wrin-
kling wavelength) proportional to the anode thickness
and related to the anode/substrate stiffness ratio (Eq.
(5)). The theoretical prediction of the wrinkle spacing
agreeswell with finite element simulations of the large
amplitude deformation of the substrate-supported an-
ode under charging/discharging, and with the experi-
mentally observed wrinkled surface features in a thin
film Sn anode supported by a soft wood fiber in a Na-
ion battery [9].

(2) The wrinkling-induced plastic deformation in the
anode introduces geometric imperfections that further
facilitate the formation of necking bands in subsequent
charging/discharging cycles. Further development of
the necking bands eventually leads to fragmentation,
the dominant failure mechanism of the wrinkling
thin film anode. The locations of necking bands
coincide with the wrinkling peaks and troughs, and
interestingly, depends on the substrate stiffness:
necking occurs at wrinkling troughs in an anode
supported by a stiffer substrate and at wrinkling peaks
in an anode supported by a more compliant substrate.

Findings from the comprehensive theoretical analysis and
numerical simulations in the present study offer mech-
anistic understanding of the wrinkling mechanics of a
substrate-supported thin film anode during cyclic charg-
ing/discharging, fromwhich quantitative guidelines can be
drawn to enable optimal design of material combination
and service condition toward high performance anodes in
advanced batteries.
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