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Abstract

The finite element method (FEM) is employed within COMSOL Multiphysics to simulate mechanical stress during cycling
of Li-ion battery electrodes with ultrashort pulsed laser-textured current collectors. Two- and three-dimensional models of
electrodes with flat (untextured) current collectors are firstly compared, after which a parametric study is performed with
the 2D model to determine the effects of current collector topography and active material porosity on the resulting stress
distribution during lithiation of the anode and delithiation of the cathode. The first principal stress (o)) is evaluated within
the active materials due to their fragile nature, while the Von Mises stress (o,,) is evaluated within the current collects due
to their ductile nature. Normal (p) and shear (1) contact pressures are evaluated at the interface between the two layers
as indicators of the likelihood of delamination. Stress concentration at and near the interface between laser-textured cur-
rent collectors and electrode active materials is shown to induce significant increases in peak stresses, with all evaluated
parameters exhibiting strong dependence on the aspect ratio of the current collector surface topography. Approximately
one-order-of-magnitude increases in o, p and t are observed with a texture aspect ratio of 1, while o, approximately
doubles. Over the same range of parameters, the theoretical increase in interface area between the current collector and
active material is approximately +130%, implying that selection of laser parameters to achieve a given surface topography
must be a compromise between improving adhesion and limiting stress concentration during electrochemical cycling.

Highlights

e FEM is employed to simulate stresses in Li-ion battery electrodes with laser-textured current collectors;

e A 2D parametric study is performed to determine effects of topography and porosity on stress distribution;
e Stress concentration induces significant increases in peak stresses compared to flat current collectors;

e Surface topography must be a compromise between adhesion and stress concentration.
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1 Introduction

Lithium-ion (Li-ion) batteries are seen as a key element
to improving the sustainability of global energy systems,
within the transport industry as a replacement for fossil
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fuels and within electricity networks for integration of inter-
mittent renewable energy sources [1]. While stationary stor-
age systems require very high capacity and a long lifespan,
the feasibility of electrical energy storage within transport
systems primarily depends on energy density, safety, cost
and lifespan [2]. Though electric road vehicles have seen
widespread uptake, their range and cost continue to be lim-
iting factors [3]. Large investments continue to be made
into research and production of Li-ion batteries to improve
their performance and reduce costs through economies of
scale [2]. The development of high energy density materi-
als is a key part of this strategy, with spinel LiNi, sMn, s0,
(LNMO) cathodes and composite silicon-graphite anodes
seen as near-term solutions to increase energy density and
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reduce dependence on critical raw materials such as cobalt
[4]. These solutions, however, present issues relating to
large volumetric changes during lithiation and delithiation
of electrode active materials [5]. In view of improving the
sustainability of the entire production cycle, attention is also
being given to replacing N-methyl-2-pyrrolidone (NMP)
solvents with water-based alternatives and exploring dry
electrode manufacturing [6].

Capacity fade of Li-ion batteries is due to various phe-
nomena that depend on both cell composition and cycling
conditions. These include dendrite formation, solid electro-
lyte interphase (SEI) layer formation, current collector cor-
rosion, cracking of the active material and detachment of the
active material from the metallic current collector, amongst
others [7, 8]. While dendrite and SEI layer formation are
a result of electrochemical reactions taking place during
cycling, cracking and detachment of the active layer are due
to mechanical stresses induced by volumetric expansion of
the anode and contraction of the cathode during charging
[7]. Where mechanical stresses exceed the strength of the
binder or interface between the active material and current
collector, cracking or detachment from the current collec-
tor leads to an increase in resistance of the cell and con-
sequent reduction in capacity. Larger volumetric changes
induced by LNMO cathodes and composite silicon-graphite
anodes compared to more conventional Li-ion cell composi-
tions exacerbate these issues [5], leading to more stringent
requirements in terms of binder properties and interface
adhesion with the current collector.

Further to optimization of the binder itself [9], a consoli-
dated approach to improving contact conditions between
the active material and current collector is through surface
pre-treatment and conductive coatings. Chemical treat-
ments with strong acidic or basic solutions are commonly
employed to increase the surface roughness and wettability
of the current collector, while carbon coatings are applied to
inhibit corrosion phenomena [10—-13]. Chemical treatments
present issues relating to chemical handling, while offer-
ing limited control over the resulting surface topography.
Laser texturing has recently been investigated as a method
for increasing surface roughness in a more controlled man-
ner while overcoming some of the drawbacks associated
with chemical treatments [14—17]. While shown to increase
adhesion between the current collector and active material,
the impact of increasing surface roughness on mechani-
cal stresses at and near the interface between the current
collector and electrode active material has not been fully
investigated due to difficulty in performing localized mea-
surements and the multiplicity of factors influencing elec-
trode degradation.

Nanosecond pulsed laser ablation of metals leads to ejec-
tion of material above a given threshold fluence due to rapid

@ Springer

expansion of superheated liquid and vaporization [18, 19].
By controlling the pulse fluence and overlap, ablation crater
arrays can be created to achieve relatively large increases
in surface area, or interfacial area ratio (Sdr), while avoid-
ing complete penetration of thin metallic current collec-
tors. Nanosecond pulsed laser texturing has been shown to
increase the Sdr of aluminum and copper current collectors
by more than 40%, leading to measurable increases in adhe-
sion between the active material and current collector [20].
Peel tests performed on LiFePO, (LFP) cathodes and graph-
ite anodes with laser-textured current collectors have shown
that the quantity of active material remaining after tests
increases by up to 30% compared to untextured current col-
lectors [14]. Scratch tests performed with similar electrodes
have also shown that laser texturing can more than double
the critical load at which complete penetration or detach-
ment of the active layer takes [20].

Despite these outcomes, laser texturing with femto-
second pulses has seen greater interest in terms of elec-
trochemical testing of complete Li-ion cells due to lower
thermal loading of current collectors and negligible material
removal during laser processing. Ultrashort laser pulses can
be exploited to create laser-induced periodic surface struc-
tures (LIPSS), or ripples, with a period of less than 1 pm and
depth of 300-500 nm [17, 21]. Such structures are formed
with negligible material removal via interference between
surface plasmon polaritons and the incident laser beam on a
timescale shorter than the electron-phonon relaxation time
of the target surface, typically in the order of 1-10 ps for
metals [22]. Highly regular periodic structures can there-
fore be obtained on a variety of materials with femtosecond
laser pulses [22, 23]. With linear polarization, LIPSS form
as a series of parallel ridges and valleys perpendicular to
the laser polarization orientation. Radial, circular or azi-
muthal polarization can instead be exploited to produce 2D
structures [24, 25]. By increasing the laser fluence, complex
hierarchical structures can be produced via a combination of
ablation and hydrodynamic instability [26, 27]. Direct laser
interference patterning (DLIP) can also be employed to
achieve complex periodic surface topographies down to the
microscale. In this case, a seed beam is divided into multiple
beams that are then directed onto the target surface to obtain
an interference pattern via coherent overlap [28]. With
ultrashort laser pulses, the resulting surface topography is a
result of laser ablation within regions of high laser fluence,
leading to the formation of periodic structures via material
removal. Ablation with ultrashort laser pulses on a times-
cale shorter than the electron-phonon relaxation time leads
to strong electron excitation and non-equilibrium thermody-
namic responses [18], which are generally characterized by
efficient material removal and a minimal heat affected zone
compared to longer laser pulses. At high repetition rates,
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however, heat accumulation nonetheless leads to remelting
effects and residual byproducts [29, 30].

Studies have shown that the discharge capacity of
LiNi, sCoy,Mn; 30, (NCM523) cathodes improves by up
to 25% following ultrashort pulsed laser texturing of alu-
minum current collectors with hierarchical micro/nano
structures [15]. Other studies have demonstrated improve-
ments in adhesion between ultrashort pulsed laser textured
aluminum current collectors and LiNi,¢Mn,,;Co, 0,
(NMCS811) active materials but little difference in electro-
chemical performance [16]. A recent study compared differ-
ent ultrashort pulsed laser texturing techniques performed
on copper current collectors in terms of surface topography,
wettability and electrochemical performance of composite
silicon-graphite anodes [17]. Further to achieving increases
in capacity retention of up to 5% with laser-textured current
collectors, SEM analysis of pre- and post-cycled electrodes
revealed marked differences in morphology at the interface
between the current collector and active material, implying
that plastic (permanent) deformation had taken place. Laser
texturing was found to induce more regular deformation of
current collectors compared to pristine films, suggesting
that changes in the stress distribution induced by laser tex-
turing at and near the interface with the active material may
have played a role in determining the electrochemical per-
formance of the cell, further to changes in adhesion between
the two materials.

As it stands, however, there is currently a lack of differen-
tiation between the effects of texturing on active layer adhe-
sion and mechanical stresses within the electrode materials
during charge and discharge cycling. While adhesion can
be directly quantified via peel or scratch tests, stresses dur-
ing cycling must take into consideration expansion and con-
traction of the active material. Deformation and mechanical
stresses within Li-ion electrodes during lithiation and deli-
thiation have seen much attention in the literature in terms
of causes, effects, monitoring, experimental analysis, mod-
eling and management [31-35]. Conditions at the interface
between the current collector and active material have, how-
ever, seen little attention, with the effects of surface rough-
ness not considered to date to the authors’ knowledge.

The present work therefore seeks to clarify this aspect
by modeling mechanical stresses at and near the interface
between the current collector and active material of LNMO
and composite silicon-graphite Li-ion electrodes during a
single charge cycle with and without laser texturing. A 3D
model of electrodes with flat current collectors is firstly
developed, after which a parametric study is performed with
a 2D model of electrodes with flat and textured current col-
lectors over a range of different geometries achievable via
ultrashort pulsed laser texturing in terms of feature period
and aspect ratio. The effects of electrode active material

porosity and stiffness on the stress distribution are also
explored. Plastic deformation of metallic current collectors
is accounted for using the Johnson—Cook constitutive model.
Modeling outcomes show that, while potentially increasing
the contact area between the current collector and electrode
active material, stress concentration during cycling leads to
higher peak stresses within the active material as the aspect
ratio of the surface topography increases. While crack prop-
agation within the active material and plastic deformation of
the current collector may lead to some level of stress relax-
ation in subsequent charge-discharge cycles, electrodes with
higher peak stresses during the first charge cycle are likely
to experience higher stresses in subsequent cycles, as the
underlying driver of stress concentration in terms of surface
topography will continue to be present to some degree. The
implications of these outcomes go beyond laser texturing,
suggesting that surface texturing of current collectors is a
compromise between improving adhesion and increasing
mechanical stresses within the electrode materials.

2 Modeling
2.1 General approach

The mechanical response of LNMO and composite silicon-
graphite Li-ion battery electrodes to expansion and contrac-
tion during electrochemical cycling was simulated by the
finite-element method (FEM) in COMSOL Multiphysics
6.3. The Solid Mechanics solver was employed to calcu-
late displacement, strain and stress tensor fields within the
active material and current collector in electrodes resulting
from lithiation and delithiation during charging. Volumetric
changes were accounted for by imposing fictitious isotro-
pic thermal expansion and contraction within the anode and
cathode active materials, respectively, with thermal expan-
sion coefficients chosen such that the simulated volumetric
changes matched those expected during lithiation of the for-
mer and delithiation of the latter.

Steady-state analyses were performed, with principal
stress components (G, 6,, 63) Within the current collector
and active material, as well as the normal (p) and shear con-
tact pressures ( 7 ) at the interface between the two, extracted
in each case. The first principal stress (¢;) was considered
an indicator of the likelihood of mechanical failure within
the active material, as this stress component is associated
with tensile failure of brittle materials [36]. The Von Mises
stress (o,), a function of all three principal stresses, was
instead considered an indicator of the likelihood of defor-
mation or mechanical failure of the current collector, as this
equivalent stress is associated with tensile and compressive
failure of ductile materials [37]. Finally, the normal and
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tangential contact pressures at the interface between the
current collector and active material were considered indi-
cators of electrode failure due to adhesion issues between
the two materials [38]. While this approach effectively only
accounted for a single charge cycle, trends were nonetheless
expected to also apply to subsequent cycles as the underly-
ing driver of stress concentration in terms of surface topog-
raphy would continue to be present to some degree.

Two- and three-dimensional FEM models were firstly
developed with flat (untextured) current collectors to com-
pare the spatial distributions and peak values of calculated
stresses with the two representations, allowing the accuracy
of the 2D model to be assessed. Subsequently, a comprehen-
sive parametric study was carried out with the 2D model to
investigate the influence of laser-textured surface topogra-
phy and active material stiffness on stresses during electro-
chemical cycling.

2.2 Materials

Electrode current collectors were modeled as 10 pm thick
copper for the anode and 20 um thick aluminum for the
cathode, with the physical and mechanical properties of
both materials taken as those of the pure materials. The
active layers were instead represented as equivalent homo-
geneous materials with the bulk density, Young’s modulus
and Poisson’s ratio determined from their constituent mate-
rials and porosity. A summary of the final material proper-
ties employed within the models is presented in Table 1.

To capture the influence of porosity and composition
on the stiffness of the active materials, values of Young’s
modulus were estimated via Voigt (upper limit) and Reuss
(lower limit) mixing rules [39], where applicable, then cor-
rected for porosity according to [40] (see Table 2). The
solid component of the anode active layer was considered

as comprising 90% graphite (Ey, = 4.1 GPa) and 10%
silicon (Egj;.o,n= 131 GPa). The solid component of the
cathode active layer was considered as comprising 100%
LNMO (E;ymo= 136 GPa). The influence of binders and
additives on the stiffness of electrode active materials was
not considered due to their relatively low proportions. A
target porosity of 35 £ 5% was considered, with values of
30%, 35% and 40% assessed within the parametric study
to determine the effects of porosity on the resulting stress
distribution during cycling. The different combinations of
upper/lower limit and porosity resulted in six values of
Young’s modulus for the anode active material and three
values for the cathode active material layer (Table 3), rep-
resenting the entire range of foreseeable values for the con-
sidered cell configuration.

Expansion during lithiation of the anode active material
was imposed as +28% volumetric strain (expansion), corre-
sponding to 10% Si content. Contraction during delithiation
of the cathode active material was instead imposed as —10%
volumetric strain (contraction) within the active material.
As noted previously, volumetric changes were accounted
for by imposing fictitious isotropic thermal expansion and
contraction within the electrode active materials.

To account for the experimentally observed plastic (per-
manent) deformation behavior of aluminum and copper
current collectors during cycling [17], the Johnson—Cook
constitutive law was implemented within COMSOL Multi-
physics, defining the equivalent stress as a function of plas-
tic strain, strain rate and temperature:

5 —[a+8(en)] [1+cm (ﬂ (=)

where A, B, C,n, m and T,,,;, are material-specific constants
taken from the literature for aluminum and copper (see Table

Table 1 Physical and mechanical properties of electrode materials considered in FEM models

Component Composition Thickness  Porosity Density Young’s modulus Poisson’s ratio
Anode current collector Pure Cu 10 pm - 8940 kg/m> 17.5 GPa 0.34
Anode active material 90% graphite, 10% silicon 50 um 35+5% 2270 kg/m® See Table 3 0.18
Cathode current collector Pure Al 20 um - 2700 kg/m® 69 GPa 0.33
Cathode active material 100% LNMO 50 um 35+ 5% 4450 kg/m® See Table 3 0.30
Table % Voigt and Reuss 1i4mits for Young’s modulus calculation Equation
:i{gll;nﬁ asS :éoiillfozfsiﬁi?:;\tforl?j;; Voigt Limit (upper limit): (E0)upper = Ea fa+Ep [ i ?]/;: Young’s modulus, constituent
modulus for porous materials o o . .
Reuss Limit (lower limit): (B0)iower = &7 ?gng - fu/g: Volume fraction, constituent

Calculation of Young’s
modulus:(porosity range
[30%, 35%, 40%])

Ec=E(1-2)

A/Bp : porosity

p. =1 [41]: critical porosity E,:
Young modulus of solidmaterial
f=2.1[40]
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Table 3 Values of young’s modulus considered in FEM models

Silicon-graphite composite (anode), Eg;

30% porosity 35% porosity 40% porosity

Upper limit Lower Upper Lower Upper Lower
limit limit limit  limit  limit

7.97 GPa 2.14GPa  6.79 GPa  1.84 5.74 1.55

GPa GPa GPa
LNMO (cathode), E; xumo

0% porosity 35% 40%
porosity porosity
64.3 GPa 55.0 GPa  46.5 GPa

4.for relevant values), €, is the equivalent plastic strain,
€ p the strain rate (normalized with the reference parameter
€ o) and T is the instantaneous temperature. This nonlinear
model, which couples work-hardening with strain-rate sen-
sitivity and thermal softening, was implemented to capture
the progressive stress relaxation and reduced peak stresses
associated with plastic flow within the current collectors.
Because the operating temperatures of Li-ion batteries and
material strain rates are generally too low to activate related
phenomena in aluminum or copper [42], thermal soften-
ing and strain rate factors were effectively removed from
the present analysis, simplifying the copstitutive model to
the isothermal form o= A+ B ge pt) . The inclusion of
material yielding and strain hardening within the model
nonetheless reduced peak stress predictions and yielded
a stress—strain response that was more representative of
experimental deformation than would have been obtained
with an elastic-only model.

2.3 Surface topography of laser-textured current
collectors

The range of surface topographies considered for laser-
textured current collectors was based on typical outcomes
obtained with ultrashort laser pulses on metallic surfaces,
including sub-micrometric LIPSS and periodic surface
structures produced via DLIP [17, 28]. With the aim of deter-
mining general trends relating to a range of surface topogra-
phies, only planar geometries were considered to allow a 2D
model to be employed. While this effectively excluded more
complex geometries such as 2D-LIPSS [25], the selected
approach allowed the effects of surface period and aspect
ratio to be thoroughly investigated by reducing the calcula-
tion time from approximately one day for 3D simulations to
several minutes for 2D simulations on a workstation with an

Table 4 Relevant constants employed for Johnson-Cook constitutive
law in FEM models

Material A [MPa] B [MPa] n
Aluminum (cathode) [43] 129 200 0.45
Copper (anode) [44] 90 292 0.31

18-core Intel 19 processor and 128 GB of RAM. Sinusoidal
surface structures with a period (A) of 1-10 um and aspect
ratio (H/A) of 0.1-1.1 were chosen to broadly represent
LIPSS and DLIP as follows, with typical ranges achievable
with LIPSS and DLIP provided in Table 5:

H 2
z= Esin <T7r:r> , lum <A <10 um, 0.1 < H/XA <1 2)

LIPSS can be manufactured with a relatively simple setup
by scanning a focused ultrashort pulsed laser beam over the
target surface with specific values of pulse fluence and over-
lap. Low spatial frequency LIPSS are typically character-
ized by a series of parallel ridges and valleys with a period
below the laser wavelength, in the range 700-1000 nm at a
wavelength of 1030 nm and 150-250 nm at a wavelength of
343 nm [22, 23, 45]. Typically, the aspect ratio of low spa-
tial frequency LIPSS is in the range 0.3—0.6 [17]. High spa-
tial frequency LIPSS are instead characterized by a smaller
period, down to one tenth of the laser wavelength [49]. At
higher pulse fluence and overlap, more complex hierarchi-
cal structures such as p-grooves [17] and spikes [24] can be
achieved.

Although requiring a more complex optical setup achiev-
ing division of a seed beam into multiple beams and sub-
sequent coherent overlap [28], DLIP is a more versatile
approach to independently tailor the period and aspect ratio
of laser-textured surfaces. A planar interference pattern is
obtained with two laser beams, while more complex pat-
terns can be obtained with additional beams. The resulting
spatial period of the obtained surface topography is a func-
tion of the laser wavelength and half angle between the inci-
dent beams [46], while the resulting depth is a function of
the incident laser fluence and number of pulses. Ultrashort
pulsed DLIP has been employed to achieve a wide variety
of sinusoidal topographies on metallic surfaces with spatial
periods of A <1 um [17, 28, 48], A = 2.6-5.2 pum [46, 47]
and larger [50], including aspect ratios up to approximately
1 [46].

While sinusoidal surface structures broadly represent the
ideal geometry of LIPSS and DLIP, more complex surface
topographies are obtained in practice due to variations in
laser energy dose, complex hydrodynamic effects and the
presence of residual byproducts. While simplification of
the surface geometry inevitably leads to deviations between

Table 5 Typical surface topography ranges achievable with LIPSS
and DLIP

Type of laser texturing  Period (1) Aspect ratio (H/L)
LIPSS <1 um [22, 23, 45] 0.3-0.6 [17]
DLIP 1 um-10+um [17, 28, 0-1[46]

46-48]
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the simulated and actual stress states, this approach was
adopted as a compromise between accurately representing
the surface topography for as wide a range of conditions
as possible and ensuring that a sufficiently large simulation
domain size could be employed to accurately represent the
central zone of electrodes. This approach allowed the effects
of the texture period and aspect ratio to be explored with
the aim of determining overall trends and guiding future
experiments. While surface features smaller than 1 um are
commonly reported in the literature, a lower limit of 1 pm
was imposed in the present work due to practical limitations
in terms of the number of finite elements that could practi-
cally be employed in numerical simulations while realisti-
cally modeling the surface topography and maintaining a
sufficiently large calculation domain size to accurately rep-
resent the central zone of electrodes. Furthermore, as will
be shown in Sect. 3, the texture period was found to be of
relatively low influence on the resulting stress state in com-
parison to the aspect ratio.

Active Layer
1 40

|
7 20 pm

Current
Collector

Y\L.x
a)

2.4 3D model

A 3D FEM model was firstly developed for flat (untex-
tured) current collectors coated on one side with active
materials. The geometry and constraints employed within
the 3D model are illustrated in Fig. 1. Electrode materials
and thicknesses were as defined in Tables 1 and 3, with a
bonded contact condition considered between the current
collector and active material as no relative displacement
was expected between the two. While frictional or rough
contact conditions could potentially allow shear transfer
mechanisms, sliding effects and incomplete contact to be
accounted for, a bonded contact condition was consid-
ered most appropriate for modeling new electrodes in the
present case to provide a consistent comparison between
different electrodes. To obtain representative results, elec-
trode areas of 250 pm x 250 pum were simulated, with
symmetry boundary conditions imposed on the XZ and
YZ planes to effectively double the lateral dimensions and

Symmetry condition

Fig. 1 Three-dimensional FEM model: (a) electrode geometry and components, (b) fixed displacement condition applied to bottom surface, (¢)

mesh, (d) symmetry conditions applied to XZ and YZ planes
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constrain transverse displacements to zero along the same
planes. Modeled areas were therefore approximately 7—-8x
the thickness of each electrode (Table 1), ensuring that
edge effects were correctly accounted for. Adequacy of
the modeled area in representing complete cells, typically
several cm?, was assessed through convergence analysis
by progressively increasing the simulated area until the
stress field at the center of the electrode was no longer
significantly influenced by the size of the simulated area.
A fixed displacement condition was applied to the bottom
surface of the current collector, enforcing a null vertical
displacement along this plane to inhibit rigid-body motion.
Horizontal displacement was left unconstrained, allowing
the electrode to deform within the plane without artificial
lateral confinement. Flexural deformation was not con-
sidered, as electrodes in the majority of assembled cells
are tightly stacked within a multilayer laminate, where
the packing configuration effectively suppresses bending
through mutual support of adjacent layers [51].

Meshing was performed with tetrahedral elements of
minimum size 3 pm at the interface between the current
collector and active material, maximum growth rate of 1.6
and maximum size of 30 um at the upper surface of the
active material, resulting in 123,669 elements and 22,349
nodes for the anode and 163,652 elements and 28,615
nodes for the cathode. More refined mesh was employed
at and near the interface between the current collector and
active material due to concentration of stresses within this
region as adhesion of the active material to the current col-
lector constrained volumetric changes of the former. Final
mesh dimensions were chosen through convergence analy-
sis by progressively reducing the size of elements until the
calculated stresses were no longer significantly influenced
by this parameter. An example of the resulting mesh is
reported in Fig. 1.

Results of 3D FEM simulations in terms of principal
stress components (G;, 6,, 63) and normal and shear contract
stresses resulting from volumetric changes of the electrode
active materials were subsequently compared with results
obtained with 2D simulations in the same configuration to
assess the reliability of the latter in effectively representing
the stress state in complete electrodes.

2.5 2D model and parametric study

A 2D FEM model was initially developed to replicate the
same conditions as in the 3D model in terms of electrode
configurations (Tables 1 and 3) and length (250 pm). As
with the 3D model, a sensitivity analysis was performed
by varying the specimen length under expansion and con-
traction conditions, confirming that the stress in the central

region remained constant regardless of overall specimen
size, thus indicating that the selected boundary conditions
did not affect the results. The geometry and constraints
employed within the 2D model are illustrated in Fig. 2. A
symmetry boundary condition was again introduced, in this
case along the plane x=0, to effectively double the length
of the electrode and constrain the transverse displacement to
zero along the same plane. A fixed displacement condition
was once more applied to the bottom surface of the cur-
rent collector, enforcing null vertical displacement to mimic
mechanical support provided by the cell casing. A plane
stress condition was adopted to allow in-plane expansion
and contraction without constraining out-of-plane deforma-
tion. Both plane stress and plane strain formulations were
evaluated during preliminary studies; however, plane stress
was found to more accurately reproduce the distributions of
o1 and von Mises stress obtained from the corresponding 3D
simulation. This modeling choice was validated by compar-
ing results with those obtained with the 3D model in terms
of the main stress components influencing the likelihood of
electrode failure.

Expansion of the anode active material and contraction
of the cathode active material were first simulated with
flat (untextured) current collectors coated on one side,
to allow direct comparison with the 3D model in terms
of the resulting principal stresses (o,, 6,, 03) and normal
and shear contact pressures. Subsequently, a comprehen-
sive parametric study was conducted to investigate the
effects of the current collector surface topography upon
laser texturing and active material porosity on the result-
ing stresses. The interface morphology between the cur-
rent collector and active material was described by Eq. (2),
with simulations performed for periods (A) of 1, 2, 4, 6,
8 and 10 pm, aspect ratios (H/A) of 0.1, 0.2, 0.4, 0.6, 0.8
and 1, and values of Young’s modulus as listed in Table 3,
considering all combinations.

Meshing was performed with triangular elements of min-
imum size 0.005 pm at the interface between the current col-
lector and active material, maximum growth rate of 1.1 and
maximum size of 2.5 um at the upper surface of the active
material, resulting in 6040 elements and 3145 nodes for the
anode and 7048 elements and 3653 nodes for the cathode
with flat current collectors, and up to 1,224,086 elements
and 612,359 nodes for the anode and 1,233,801 elements
and 617,158 nodes for the cathode with laser-textured cur-
rent collectors. Final mesh dimensions were again chosen
through convergence analysis by progressively reducing the
size of elements until the calculated stresses were no longer
significantly influenced by this parameter. An example of
the resulting mesh is reported in Fig. 2 for flat and laser-
textured anodes.

@ Springer



The International Journal of Advanced Manufacturing Technology

/ Active Layer

50 / 50
) 40
30 30 =
20 20 Uy
10 10
o 0
10 \\ 10
2 Current Collector 2
30 0
-40, = 40 L
a) 20 o 20 40 60 80 100 120 140 160 180 200 220 240 260 b) 20 o 20 40 60 80 100 120 120 160 180 200 220 240 260
- o ™ o
80 80
70 70
60 60
50 50
40 a0
30 20
20 20 ——— Symmetry condition
10 10
4 0
10 10
20 20
30 30
40 L © um
-20 o 20 40 60 80 100 120 140 160 180 200 220 240 260 20 0 20 40 60 80 100 120 140 160 180 200 220 240 260
c) d)
80 Tum
7
60
50
0
30
20
10
0
10
20
30
i o 20 0 60 80 00 120 140 160 180 200 220 240
e) f)

Fig.2 Two-dimensional FEM model: (a) electrode geometry and com-
ponents, (b) fixed displacement condition applied to bottom surface,
(¢) mesh with flat current collector, (d) symmetry conditions applied

3 Results and discussion
3.1 3D model

Figure 3 presents the simulated spatial distributions of the
three principal stresses (6;, 05, 63) calculated with the 3D
model for expansion of the active material (E=2.14 GPa)
during lithiation of the anode with a flat (untextured) current
collector, both as general 3D views and within the XZ cross-
section. Additional insets in the same figure present the prin-
cipal stresses within the active layer and current collector at
the interface between the two materials. During lithiation,
the first principal stress (o) within the active layer remains
essentially zero, reflecting the isotropic nature of expansion,
with no preferential tensile orientation. The stiffer current
collector is instead subject to relatively high tensile stresses
due to expansion of the active layer, reaching approxi-
mately +350 MPa. The second principal stress (c,) within
the active layer exhibits slight compressive stresses, reach-
ing approximately —65 MPa, caused by biaxial restraint
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to x=0 plane, (e) example of mesh with laser-textured current collec-
tor (A=8 pum, H/A=1), (f) detail of mesh with laser-textured current
collector

in the plane orthogonal to the principal expansion direc-
tion. Within the current collector, o, mirrors o,, reaching
almost+350 MPa, due to its elastic coupling to the active
layer. The third principal stress (o5) within the active layer
aligns closely with o,, reaching approximately +65 MPa,
while at the interface with the current collector, it decreases
to nearly zero, indicating that out-of-plane constraints are
minimal in this direction.

Figure 4 presents the simulated spatial distribution of the
three principal stresses for contraction of the active material
(E=55.0 GPa) during delithiation of the cathode with a flat
(untextured) current collector. Within the central region of
the sample (x=0, y=0), values of 6, within the active layer
tend to be slightly positive, approximately +80 MPa, gradu-
ally increasing towards the top of the layer to reach a peak of
approximately +250 MPa. The current collector also exhib-
its a slightly tensile o, stress of approximately+30 MPa
at x=0, y=0, which decreases towards the edge to reach
slightly compressive values of approximately —30 MPa
before increasing again due to edge effects. Values of o,
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within the active material exhibit slightly tensile values up
to approximately +80 MPa, while the current collector is in
compression up to approximately —200 MPa. Values of o5
remain in compression within the current collector, up to
approximately —200 MPa, mirroring 6,, while the active
layer is essentially stress-free, with o5 close to 0 MPa.

3.2 2D model and parametric study

Figures 5 and 6 present the simulated spatial distributions
of the three principal stresses (o, 65, 03) calculated with
the 2D model for the same electrodes with flat (untextured)
current collectors. A quantitative comparison between
results obtained with the 2D and 3D models was carried
out to validate the accuracy of the former. Stress values
extracted from the 2D model were compared with cor-
responding results from the 3D model within the central
region and at the edges of both electrodes. The analysis

highlighted good agreement between the two models, with
deviations consistently below 10%.

For the anode (Fig. 5), values of o1 within the active
material were approximately 0 MPa within the central
region with both models, followed by a rise and then return
to 0 MPa near the edge. Values of the same parameter within
the current collector were +280 MPa in the central region
and +150 MPa at the edge with the 2D model, and +300 MPa
and +160 MPa, respectively, with the 3D model. Similarly,
values of o3 within the active material were approximately
—60 MPa within the central region for both models and
—360 MPa and —390 MPa at the edge with the 2D and 3D
models, respectively. Within the current collector, values of
the same parameter were approximately 0 MPa within the
central region and —290 MPa and —300 MPa at the edge
with the 2D and 3D models, respectively.

For the cathode (Fig. 6), values of o1 within the active
material were approximately +50 MPa within the central
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region with both models, rising to +400 MPa at the edge
with the 2D model and +410 MPa with the 3D model. Val-
ues of the same parameter within the current collector were
approximately 0 MPa within the central region with both
models, rising to +120 MPa at the edge with the 2D model
and +130 MPa with the 3D model. Values of o5 within the
active layer were instead 0 MPa within the central region
with both models, while values at the edge were —340 MPa
with the 2D model and —320 MPa with the 3D model. Values
of the same parameter within the current collector reached
—200 MPa within the central region with both models, while
values at the edge were —280 MPa with the 2D model and
—310 MPa with the 3D model.

In contrast to the other principal stresses, o, differed sig-
nificantly between the 2D and 3D models. In the latter case,
moderate in-plane tensile or compressive stresses (depend-
ing on the electrode) developed due to biaxial restraint,
whereas in the 2D model, ¢, was constrained to zero due

@ Springer

to the imposed plane stress condition. This discrepancy
did not, however, affect the principal stress components o,
and o5, which were more representative of the stress field.
Despite the enforced plane stress condition, the 2D model
therefore captured the dominant stress state at the interface
with high fidelity, validating its use for subsequent paramet-
ric studies assessing stress within laser-textured electrodes.

Laser texturing of the current collector led to signifi-
cant changes in the developed stresses during cycling. An
example of the resulting stress distribution within the anode
is shown in Figs. 7 and 8 (A=6 um, H/A=1 and E=2.14
GPa). The results are presented within the undeformed
material volume to facilitate interpretation. Figure 7a pres-
ents the spatial distribution of the first principal stress (o)
within the active layer. As for the anode with a flat current
collector, values of o, are essentially zero within the bulk
material as the expanding active layer is mechanically con-
strained by the current collector, inhibiting free dilation and
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thereby inducing compressive stress within the active mate-
rial. Stress concentration near the interface with the current
collector instead leads to relatively high tensile values of
o, within the deepest regions of the surface topography, as
deformation of the current collector, and consequently also
the active layer, exceeds the natural volumetric expansion
of the latter. Figure 7b shows the corresponding profile of
o, along the interface with the current collector, highlight-
ing the effect of laser texturing on stress concentration. Two
distinct regions emerge, including a central zone exhibit-
ing nearly constant peak stresses, adjacent to the symme-
try boundary, and an edge region where peak values vary
more significantly. By comparing o, for the active mate-
rial in Fig. 5 (flat current collector) with the same param-
eter in Fig. 7b (laser-textured current collector), it can be
observed that laser texturing has no significant influence on
the extension of edge effects. The central zone was therefore
considered representative of real electrodes, typically sev-
eral cm? in area, as edge regions were of limited extension
(<150 pm).

Figure 8a presents the spatial distribution of the Von
Mises stress (o,) within the current collector for the same
electrode, while Fig. 8b shows the corresponding profile

along the interface with the active material. The current col-
lector is subject to tensile stresses within the bulk material
due to expansion of the active material, with some stress
concentration observed at the interface. As with the active
material, stress concentration effects induced by laser tex-
turing are superimposed on the stress profile obtained with
the flat current collector, while texturing does not signifi-
cantly influence the extension of edge effects. This outcome
again confirms that the surface topography leads to local
stress concentration within both the active layer and current
collector.

Figures 9 and 10 illustrate the evolution of the first prin-
cipal stress (o,;) within the active material and Von Mises
stress (o,) within the current collector of the cathode
(A=6 um, H/A=1 and E=55.0 GPa). Values of 5, within the
active material (Fig. 9a) are slightly tensile throughout the
bulk volume as the current collector constrains its volumet-
ric contraction. Figure 9b shows the o, profile at the inter-
face with the current collector, where peaks coincide with
the deepest regions of the surface topography. Figure 10a
focuses on the current collector, where values of o, remain
exclusively positive due to the compressive action of the
active material. Again, a clear correlation can be observed
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between interface stress peaks in Fig. 10b and laser-textured
valleys, confirming that surface topography drives local
stress concentration at the interface between the current col-
lector and active material.

Figures 11 and 12 summarize the results of the paramet-
ric study performed with the 2D model. For each electrode,
peak values of the first principal stress (o,) within the cen-
tral zone of the active material, Von Mises stress (o,,) within
the current collector and normal (p) and shear (1) contact
pressures at the interface between the two materials are
presented as functions of the period (A) and aspect ratio
(H/X) of the laser-textured surface topography and Young’s
modulus (£) of the active material (derived from the poros-
ity as per Table 3). The anode with flat (untextured) current
collector exhibited values of around 6, =0 MPa within the
active material, o,=+275 MPa within the current collec-
tor and p=0 MPa and t=0 MPa at the interface between
the two (E=2.14 GPa). The cathode with flat (untextured)
current collector instead exhibited values of 6,=+90 MPa,
6,=+200 MPa, p=0 MPa and 1=0 MPa (E=55.0 GPa).
Due to the relative lower dependence of all stress values
on the period of the surface topography and Young’s modu-
lus of the active material, only results relating to minimum
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and maximum values of these parameters are presented in
Figs. 11 and 12 for clarity. Complete data for all simulations
are available in the Supplementary Material.

Peak values of o, within the central zone of the anode
active material (Fig. 11a) increase by approximately one
order of magnitude with increases in the aspect ratio of the
current collector surface topography over the considered
range, with the trend approaching asymptotic behavior for
aspect ratios close to H/A=1. In contrast, the period has
negligible influence, with minimal changes in ¢, between
A=1 pm and A=10 um. The Young’s modulus of the active
material, a function of its porosity (Table 3), has a moder-
ate impact on o, over the considered range, but to a lesser
extent than the aspect ratio. Increases in Young’s modu-
lus, or decreases in porosity, lead to increases in o,, as the
higher stiffness of the active material leads to greater tensile
stresses during expansion. Similar considerations apply to
peak normal and tangential contact pressures at the interface
between the current collector and active material (Fig. 11c-
d), while slightly less marked increases in the Von Mises
stress within the copper current collector can be observed
(Fig. 11b). Again, the aspect ratio is the dominant factor,
with higher aspect ratios leading to significantly higher
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stresses, while the influence of the laser period is negli-
gible. These outcomes imply intermediate stress values in
all cases for LIPSS, where the aspect ratio is typically in
the range 0.3-0.6, and dependence on the laser pulse flu-
ence and number of pulses for DLIP, where the aspect ratio
can vary within the range 0—1 depending on the quantity of
ablated material. The Young’s modulus of the active mate-
rial instead has a moderate influence on the Von Mises stress

within the current collector and shear contact pressure, par-
ticularly at high aspect ratios.

The aspect ratio again has a significant impact on all
stress components within the cathode (Fig. 12), with large
increases in all parameters from H/A=0.1 to H/A=1. In this
case, the period has minimal impact, while the Young’s
modulus of the active material has very little impact on peak
values of o, within the central zone of the active material
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and no detectable impact on the other parameters which are
therefore represented by the same curve in Fig. 12b-d. As
for the cathode, outcomes imply intermediate stress values
in all cases for LIPSS, and dependence on laser pulse flu-
ence and the number of pulses for DLIP.

When comparing the stress distributions shown in Fig. 11
for expansion of the anode to those shown in Fig. 12 for
contraction of the cathode, it is clear that the active mate-
rial behaves fundamentally differently within the two elec-
trodes due to the type of volumetric change taking place
(expansion versus contraction) and Young’s Modulus of the
active materials. Higher peak values of the first principal
stress (o;) develop within the central zone of the cathode
active material as the current collector restricts material
contraction, which when combined with the relatively high
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Young’s Modulus of the former, generates high peak tensile
values of o,. Values of the same parameter are somewhat
lower within the anode active material due to both the lower
Young’s Modulus and compressive state of the layer dur-
ing expansion, leading to tensile values of ¢, only within
regions subject to specific stress concentration effects.
Higher peak values of Von Mises stress (o,) develop within
the anode current collector due to the greater volumetric
expansion of the anode (28%) than contraction of the cath-
ode (10%). Normal (p) and shear () contact pressures at the
interface between the active material and current collector
also differ between the two electrodes. The anode exhib-
its elevated normal contact pressure at the interface under
expansion, whereas the cathode shows more pronounced
shear stress under compression. Changes in the Young’s
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Laser-textured current collector with A=6 pm, H/A=1

modulus of the active material, a function of its porosity
(Table 3), also affect how stresses develop for the anode,
whereas this property appears to play a negligible role for
the cathode. This outcome is likely due to the lower stiffness
of the active material in the anode, leading to greater sensi-
tivity to changes in Young’s modulus or porosity. For both
electrodes, changes in the texture period have only a modest
impact, while increases in the aspect ratio consistently lead
to greater stress concentration.

With the aspect ratio of the surface texture being the
primary driver of increases in mechanical stresses within
Li-ion battery electrodes with laser-textured current collec-
tors, it is worth considering the effects of this parameter on
the increase in interface area between the current collector

and active material, which is generally considered to be the
main contributor to improving adhesion between the two.
Figure 13 presents the theoretical increase in interface area
between the current collector and active material for sur-
face topographies considered within simulations (Eq. (2))
as a function of the aspect ratio, assuming complete con-
tact between the two. It must be noted that the theoretical
value does not depend on the period nor the mechanical
properties of the electrode materials themselves. By com-
paring the results of the 2D parametric study (Figs. 11 and
12) with the variation in interface area (Fig. 13), it is clear
that selection of laser parameters to achieve a given sur-
face topography must be a compromise between improving
adhesion between the current collector and active material,
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and limiting mechanical stresses at and near the interface
between the two during cycling. The optimal aspect ratio
is therefore the minimum value necessary to inhibit adhe-
sive detachment of the active layer from the current col-
lector via an increase in interface area without promoting
cohesive failure of the material during cycling due to stress
concentration. Future experimental work is now required
to develop a standardized methodology for identifying this
optimal condition for specific electrode materials. Outcomes
of the investigation nonetheless suggest that both LIPSS and
DLIP are potential candidates for laser texturing of Li-ion
battery current collectors. The former exhibits advantages in
terms of reduced complexity and higher throughput, while
the latter instead provides greater flexibility in tailoring the
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aspect ratio outside the typical range of 0.4-0.6 achieved
with LIPSS.

4 Conclusion

The present study has systematically assessed the effects
of laser texturing on mechanical stresses within composite
silicon-graphite and LNMO Li-ion battery electrodes due
to volumetric expansion of the anode and contraction of
the cathode during cycling. After comparing the results of
2D and 3D models for flat (untextured) current collectors,
the surface topography of ultrashort pulsed laser-textured
current collectors was represented with ideal sinusoidal
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collector surface topography and Young’s modulus (E) of active mate-
rial: (a) First principal stress (c,) within active material, (b) Von Mises

geometry, allowing a 2D parametric study to be carried out
by varying the texture period (L) and aspect ratio (H/A), as
well as the Young’s modulus of the active material (), a
function of its porosity, over realistic ranges. While repre-
senting the surface geometry in this way inevitably led to
deviations between simulated and actual stress states, this
approach was adopted to consider as wide a range of surface
topographies as possible while ensuring a sufficiently large
simulation domain to accurately represent the central zone
of electrodes.

The results indicated that stress concentration at and
near the interface between the current collector and active
material led to increases in peak values of the first princi-
pal stress (o,) within the central zone of the active material,
considered indicative of the likelihood of brittle failure of

Aspect Ratio

stress within current collector, (¢) normal contact pressure at interface
between current collector and active material, (d) shear contact pres-
sure at interface between current collector and active material

this element, the Von Mises stress (c,) within the current
collector, considered indicative of the likelihood of ductile
failure of this element, and the normal (p) and shear (1) con-
tact pressures at the interface between the two materials,
considered indicative of electrode failure due to adhesion
issues. All peak stress values increased with the aspect ratio
of the surface texture, with little or no dependence on the
period. These outcomes imply intermediate stress values in
all cases for LIPSS, and dependence on laser pulse fluence
and the number of pulses for DLIP. Increases in the Young’s
modulus of the active material, or decreases in its porosity,
also led to moderate increases in all stress values in most
cases.

Increasing the aspect ratio of the surface texture leads
to an increase in the interfacial area between the current
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collector and active material, which can provide benefits in
terms of adhesion between the two, and therefore lifespan
of a given cell; however, the results of the present study
clearly show that a higher aspect ratio leads to greater peak
stresses, which may cause deformation, failure or delamina-
tion at the interface. While only the first charge cycle was
modeled, trends can be expected to also apply to subse-
quent cycles as the underlying driver of stress concentra-
tion would continue to be present to some degree. Despite
these outcomes, there is currently a lack of experimental
evidence specifically associating stress concentration due
to current collector topography with the electrochemical
performance of electrodes during cycling. As such, stress
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values should be evaluated in conjunction with other fac-
tors such as increases in surface area, binder quality and
the mechanical properties of electrode materials. The pres-
ent study nonetheless provides quantitative insight into the
effects of different combinations of geometric parameters
on mechanical stresses experience by electrodes, clearly
highlighting the need for additional experimental investiga-
tion into the performance of electrodes subject to various
surface treatments. Such conclusions go beyond laser tex-
turing itself and can be broadly applied to all surface textur-
ing methods. Further studies are now required to provide
stronger experimental data correlating stress states within
electrodes with their electrochemical performance over a
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larger number of cycles. Additional simulations must also
be performed with more complex geometries achieved via
ultrashort pulsed laser irradiation, including 3D models
accounting for hierarchical surface structures and the pres-
ence of residual byproducts after laser processing. Finally,
failure mechanisms must be introduced within simulations,
together with cumulative stress affects over multiple cycles,
to provide insight into mechanically-induced cell degrada-
tion and capacity fade, providing additional steps towards
mitigating this phenomenon.
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