
Academic Editor: Dmitri Molodov

Received: 26 November 2025

Revised: 17 December 2025

Accepted: 19 December 2025

Published: 29 December 2025

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Influence of Physical Parameters on Lithium Dendrite Growth
Based on Phase Field Theory
Wenqian Hao 1,2, Fengkai Guo 1,2, Jingyang Li 2,3,* and Jiamiao Xie 1,2,*

1 School of Aeronautics and Astronautics, North University of China, Taiyuan 030051, China;
wqhao@nuc.edu.cn (W.H.); s202518004@st.nuc.edu.cn (F.G.)

2 Shanxi Engineering Research Center of Unmanned Aerial Vehicle, North University of China,
Taiyuan 030051, China

3 State Key Laboratory of Extreme Environment Optoelectronic Dynamic Measurement Technology and
Instrument, North University of China, Taiyuan 030051, China

* Correspondence: lijingyang.thu@hotmail.com (J.L.); jmxie@nuc.edu.cn (J.X.)

Abstract

Lithium batteries have emerged as the mainstream technology in the current energy storage
field due to their advantages, such as high energy density and long cycle life. However,
from a multi-physics coupling perspective, research remains relatively scarce regarding
the analysis of dendrite nucleation and growth, as well as their influence on lithium
dendrite growth. Based on the phase field theory, this study develops a mechanical-thermal-
electrochemical coupling model to systematically investigate the evolution mechanisms
and suppression strategies of lithium dendrites induced by relevant physical quantities
through the coupled effects of mechanical, thermal, and electrochemical fields. The dynamic
behavior of the solid-solid interface is characterized by introducing order parameters. The
governing nonlinear partial differential equations are formulated by combining the Cahn-
Hilliard and Ginzburg-Landau equations. The present numerical results and the previous
results are compared to validate the present model in properly predicting lithium dendrite
growth. Numerical simulations are performed to analyze the influence of various physical
parameters, such as electric potential, anisotropic intensity and anisotropic modulus, on the
morphological evolution of lithium dendrites. These findings provide critical insights for
advancing strategies to suppress lithium dendrite growth and enhance battery performance
in solid-state lithium batteries under multi-field coupling conditions.

Keywords: lithium dendrite growth; solid-state lithium batteries; phase-field method;
multi-physics coupling behavior

1. Introduction
Solid-state lithium batteries (SSLBs) are regarded as an ideal solution to break through

the performance and safety bottlenecks of traditional lithium batteries due to their non-
flammable solid electrolytes, wider electrochemical stability window, and greater potential
for high energy density [1–7]. The solid electrolyte of SSLBs performs dual roles of lithium-
ion conduction and electron insulation [8]. For the positive electrode, metallic lithium
is regarded as an ideal choice for SSLBs owing to its high theoretical capacity, but its
adverse side reactions with electrolytes severely impair battery performance [9,10]. The
development of solid electrolytes still confronts two core challenges. Firstly, the contact area
between the electrode and solid electrolyte is far smaller than that between the electrode and
liquid electrolyte, leading to a significant reduction in interfacial ion conduction efficiency at
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the interface. Secondly, lithium dendrite formation is driven by metallic lithium deposition.
Although solid electrolytes have better mechanical properties than liquid electrolytes,
lithium dendrites seriously affect the safety and cycle life of SSLBs [11,12].

During charge-discharge cycling, uneven deposition of lithium-ions on the surface of
the metallic lithium electrode is the root cause of lithium dendrite initiation. When micro-
protrusions or defects exist on the electrode surface, the local electric field and lithium-ion
flux distort, creating conditions for instability. According to the space charge model [13],
the depletion of anions near the anode surface generates a steep electric field gradient.
This drives the lithium-ion to recombine with electrons, forming nascent dendrites that
continue to nucleate and grow. Meanwhile, if lithium-ion migration in the electrolyte
lags behind the plating reaction rate, the local lithium-ion concentration approaches zero,
thereby accelerating dendrite formation. The uncontrolled dendrite formation gives rise to
multiple adverse consequences, including reducing the Coulombic efficiency, stripping the
interface between the solid electrolyte and the electrode, and forming “dead lithium”. More
critically, uncontrolled dendrite growth can puncture the solid electrolyte, which causes an
internal short circuit and even triggers thermal runaway [14,15], as shown in Figure 1.

 

Figure 1. Schematic diagram of the “dead lithium” and internal short circuit of SSLBs caused by
uncontrolled dendrite growth.

Many scholars have conducted extensive research on the causes of lithium dendrite
formation and their growth and evolution mechanisms, focusing on three key issues: initial
nucleation models, nucleation locations, and morphologies. In terms of initial nucleation
models, the main models can be divided into heterogeneous models, surface diffusion mod-
els, space charge models, and crystallographic models. All of these models revolve around
the lithium-ion deposition and aggregation forming lithium nuclei induced by local electric
field inhomogeneity [15]. Regarding nucleation locations, existing studies have proposed
three viewpoints: tip nucleation, bottom nucleation, and multi-point nucleation. Tip nucle-
ation stems from the enhanced electric potential and concentration gradient at the tip, and
the tip curvature significantly promotes the growth rate of dendrites. Bottom nucleation is
induced by uneven defects at the bottom of the electrode, which can be confirmed through
in situ scanning electron microscopy observations [16]. Multi-point nucleation is mani-
fested in the multi-directional growth of dendrites, which not only extend longitudinally
but also generate new branches at bends. In terms of morphology, lithium dendrites exhibit
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three main forms: moss-like [17], needle-like [18], and tree-like [19], affected by factors
such as electrode materials, current density, and electrolyte composition. When the current
density is low (approximately 0.22 mA/cm2), the dendrite morphology is moss-like; when
the current density is high (approximately 0.5 mA/cm2), it transforms into a needle-like
shape. The influence of current density on dendrites can be seen. Research methods for
lithium dendrites are mainly divided into two categories: experimental observation meth-
ods and multi-physics field modeling methods. However, the study of lithium dendrites
can only be carried out at the macro level, and it is difficult to go deep into the micro scale to
capture the reaction process due to the limitations of experimental equipment. In addition,
the experimental method also has the problems of high time cost and high sensitivity
to environmental conditions, which has led some researchers to investigate lithium den-
drites using multi-physics field modeling methods. Multi-physics field modeling methods
provide theoretical support for the growth mechanism of lithium dendrites. Barton and
Bockris [20] conducted the first quantitative analysis of metal dendrite growth, pointing
out that the maximum growth rate of dendrites is related to overpotential. However, this
method cannot be used to predict incubation time and cannot explain the physics in this
period. Chazalviel [21] proposes that dendrite growth only occurs when the current density
exceeds the limiting current. Furthermore, Monroe and Newman [22] further considered
the tip curvature of dendrites, confirming that the growth rate of dendrites is related to
current density, tip curvature, and lithium-ion concentration in the electrolyte. In addition,
combining lithium-ion diffusion rate, concentration, and overpotential, Akolkar [23] further
verifies the conclusions of the model proposed by Monroe and Newman [22].

The phase field method has risen to prominence as a preeminent research frontier in
contemporary lithium dendrite studies, owing to its singular strength in providing a uni-
versal mathematical framework that seamlessly captures the full complexity of interfacial
evolution dynamics. Based on thermodynamics, this method treats the transition region
between different phases as a diffuse interface with a certain thickness, breaking through
the limitations of traditional sharp interface models. It can naturally characterize the in-
terface position and morphology through the spatial distribution of field variables (such
as order parameters, concentration, and temperature). The advantages of the phase field
method lie in that it cannot only reproduce typical phenomena observed in experiments,
such as dendrite tip splitting and trunk growth, but also explore the regulatory laws of ex-
ternal conditions (such as electrolyte composition and current density) on dendrite growth
through parametric analysis. Guyer et al. [24] proposed a one-dimensional linear phase
field model to study equilibrium states and electrochemical reaction kinetics. Furthermore,
a one-dimensional nonlinear phase field model was established by Liang et al. [25], making
the variation of variables more consistent with the actual lithium dendrite growth process.
The above phase field models were rooted in one-dimensional electrochemical reaction
kinetics. A dendrite growth model for liquid electrolytes based on phase field theory was
constructed by Chen et al. [26] to analyze the influence of electrochemical reactions on
dendrite morphology. By simplifying the nucleation as a deterministic process, dendrite
growth was simulated by Di et al. [27] using the phase field method. In addition, the
new calculation method proposed by Aryanfar et al. [28] can reveal the growth mecha-
nism of lithium dendrites in inhomogeneous electric fields. Yan et al. [29] coupled the
phase field model with a heat transfer model and found that temperature gradients can
change the morphology of lithium dendrites by affecting the distribution of lithium-ion
concentration. However, previous studies mainly focused on the effects of a single phys-
ical field or the coupling of two physical fields. In addition, there have been relatively
few studies analyzing the effect of electric potential, anisotropic intensity, and anisotropic
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modulus on lithium dendrite growth and suppression strategies from the perspective of
mechanical-thermo-electrochemical coupling.

Therefore, based on the phase field theory, this study develops a multi-physics cou-
pling model to systematically investigate the evolution mechanisms and suppression
strategies of lithium dendrites induced by relevant physical quantities through the coupled
effects of mechanical, thermal, and electrochemical fields. The dynamic behavior of the
solid-solid interface is characterized by introducing order parameters. The governing
nonlinear partial differential equations are formulated by combining the Cahn-Hilliard and
Ginzburg-Landau equations. Numerical simulations are performed to analyze the influence
of electric potential, anisotropic intensity, and anisotropic modulus on the morphological
evolution of lithium dendrites. A Gaussian-distributed noise term is used to simulate
real-world fluctuations in lithium-ion deposition. The synergistic effects (e.g., temperature-
dependent modulated by anisotropic modulus, stress concentration amplified by thermal
gradients) for lithium dendrite suppression strategies are revealed. The analysis of their ef-
fects on lithium dendrite growth provides new insights into understanding the mechanism
of lithium dendrite growth and suppression.

2. Methods
2.1. Theoretical Basis of the Phase Field Model

The phase transition process model originated from the Stefan model or the sharp
interface model. This model assumed that the thickness of the two-phase interface was
0, which would lead to the need to constantly solve the normal velocity at the interface
to track the interface movement, making the calculation and solution extremely difficult.
The establishment of the phase field method proposed a dispersion interface model and
established continuous field variables, namely order parameters, to distinguish each phase.
Taking the value of the order parameter as 1 to represent the solid phase and the value of
the order parameter as 0 to represent the liquid phase, while for the interface region, it is
a continuous change from 0 to 1 [30]. Thus, a continuous function is used to describe the
interface change, and the interface region with a dispersed distribution can be formed in
this way, as shown in Figure 2.

Figure 2. Schematic diagrams of the sharp model and the diffuse model.

The multi-field coupling modeling approach based on phase field theory, combined
with the lithium dendrite growth model for liquid electrolytes developed by Chen et al. [26],
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incorporates elastic strain energy into the model. This modification transforms the non-
linear phase field model of liquid electrolytes into a nonlinear phase field model for solid
electrolytes and adjusts the parameters of the solid electrolyte. The Helmholtz free energy
functional is established as follows:

F(ξ, ci, φ, u) =
∫
V

[ fch(ξ, ci) + fgrad(ξ) + felch(ξ, ci, φ) + fels(ξ, u) + fns(ci)]dV (1)

where F(ξ, ci, φ, u) is the Helmholtz free energy density per unit volume, ξ is the order
parameter, ci is the concentration of the substance, φ is the electrostatic potential, and u
represents the displacement field.

The local chemical free energy density Fch(ξ, ci) can be expressed as:

fch(ξ, ci) = g(ξ) + RT(c+ ln c+ + (1 − c+) ln(1 − c+)) +
n

∑
i=1

ciµi (2)

where g(ξ) is a double-well function, and the common form taken is g(ξ) = Wξ2(1 − ξ)2, W
represents the barrier height. R is the molar gas constant, T is the absolute temperature, c+
and (1 − c+) is the normalized Li+ ion concentration and anion concentration, respectively.
µi represents the chemical potential of each component.

The gradient free energy density fgrad(ξ) can be expressed as:

fgrad(ξ) =
1
2

kξ(∇ξ)2 (3)

where kξ is represented as the gradient energy coefficient. To handle the anisotropic
interface energy, the gradient term may need a more complex form to solve the problem
that the anisotropic surface energy in crystal growth will cause the interface energy to
change with direction. At this point, the gradient energy coefficient is replaced by a function
of anisotropy and can be expressed as kξ = k0[1 + δcos(ωθ − θ0)], k0 is the gradient energy
coefficient, δ is the anisotropic intensity, ω is the anisotropic modulus, and θ is the Angle
between the interface normal vector and the reference axis.

The electrochemical free energy density felch(ξ, ci, φ) can be expressed as:

felch(ξ, ci, φ) =
1
2

nFci φ (4)

where n represents the ion charge number, which is 1 for lithium-ion. F is Faraday’s
constant, F = 96,485 C·mol−1.

Assuming that under the elastic condition of small deformation lines, by the general-
ized Hooke’s law, the energy density of elastic strain fels(ξ, u) can be expressed as:

fels(ξ, u) =
1
2

Cijklε
E
ijε

E
kl (5)

where εE
ij represents the second-order elastic strain tensor, which is the influence of strain

in the direction i on the direction j, and Cijkl is the local elastic tensor.

The second-order elastic strain tensor is εE
ij = εT

ij − ε0
ij. εT

ij =
1
2

[
(∇u)T +∇u

]
is the

total strain. ε0
ij = λiξδij represents the local eigenstrain, which is caused by the growth of

dendrites. λi represents the Vegard strain coefficient, which is obtained from the density
functional theory.
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For composite material electrolytes, the local elastic tensor can be expressed as:

Cijkl =
Ee f f

2
(
1 + νe f f

)(δilδjk + δikδjl

)
+

Ee f f νe f f(
1 + νe f f

)(
1 − 2νe f f

) δijδkl (6)

Based on the mixing rules of composite materials, the effective elastic modulus and
effective Poisson’s ratio can be obtained by using interpolation functions, and their expres-
sions are as follows: {

Ee f f = ELih(ξ) + Ee[1 − h(ξ)]
νe f f = νLih(ξ) + νe[1 − h(ξ)]

(7)

where ELi and Ee represent the elastic modulus of lithium metal and electrolyte respectively,
νLi and νe represent the Poisson’s ratios of lithium metal and electrolyte respectively. The
interpolation function is h(ξ) = ξ3(6ξ2 − 15ξ + 10). δij is Kronecker delta function, which
equals 1 when i = j and 0 otherwise.

The noise term fns(ci) is as follows:

fns(ci) = h′(ξ)γχ (8)

where h’(ξ) is the first derivative of h(ξ), which determines the distribution intensity of
noise near the phase interface. γ = 1 represents the magnitude of the noise amplitude,
χ represents the random number sequence, making it follow a Gaussian distribution
or a uniform distribution, thereby introducing random disturbances. The noise term is
introduced to simulate the crucial role that actual fluctuations play in the nucleation and
growth of dendrites in real-world situations.

To accurately describe the charge transfer on the electrode surface. Using the Butler-
Volmer equation and Ginzburg-Landau equation, the nonlinear phase field control equation
is obtained as follows:

∂ξ

∂t
= −L0

[
g′(ξ) + f ′grad(ξ) + f ′els(ξ, u)

]
− Lηh′(ξ)

{
exp

[
(1 − α)nFη

RT

]
− cLi+

c0
exp

[
−αnFη

RT

]}
(9)

where L0 is the interface mobility.
In addition, during the lithium deposition process, the mass conservation of lithium-

ion must be guaranteed during the diffusion process. According to the law of conservation
of mass, it can be obtained that:

∂c̃Li+

∂t
+∇ · JLi+ = 0 (10)

where
∼
c Li+ represents the normalized lithium-ion concentration and JLi+ represents the

molar flux. The molar flux of lithium-ion is determined by the corresponding mobility and
electrochemical potential gradient, and its expression is as follows:

JLi+ = −MLi+cLi+∇µ̃Li+ (11)

Meanwhile, in order to consider the material consumption on the surface, according
to the Nernst-Einstein relation, the following concentration conservation equation is:

∂c̃Li+

∂t
= −∇ · JLi+ = ∇ ·

(
De f f∇c̃Li+ + De f f c̃Li+

nF
RT

∇φ

)
− K

∂ξ

∂t
(12)

where Deff = DLi·h(ξ) + De [1 − h(ξ)] is the effective diffusion coefficient. Among them, DLi

and De are the diffusion coefficients of the electrode and electrolyte, respectively. K is a
ratio constant.
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For the time evolution of the electrostatic potential, assume that the system is elec-
trically neutral. Under this condition, the evolution of the electrostatic potential can be
constructed through the Nernst-Planck current conservation Equation (12), and the poten-
tial distribution equation is as follows:

∇ · (σe f f∇φ) = nFcs
∂ξ

∂t
(13)

where σeff = σLi·h(ξ) + σe [1 − h(ξ)] is the effective electrical conductivity, σLi and σe are the
conductivity of the electrode and electrolyte, respectively.

Due to the unique physical properties of solid electrolytes, a mechanical equilib-
rium equation is introduced to describe the interaction between dendrite growth and the
mechanical deformation of the electrolyte, as follows:

∇
(

Cijklε
E
kl

)
= 0 (14)

2.2. Mechanical-Thermo Coupling Model
2.2.1. Thermal Coupling Method

A heat transfer model is established in the phase field equation of lithium dendrites,
which is based on the law of conservation of energy and Fourier’s law of heat conduction.
Then the temperature control equation is as follows:

Cpρ
∂T
∂t

= ∇κ∇T + Q (15)

where Cp is the specific heat capacity per unit volume, ρ is the mass density, and
κ = κe·h(ξ) + κLi·[1 − h(ξ)] is the effective thermal conductivity coefficient, where κLi and κe

are the thermal conductivity coefficients of electrode and electrolyte, respectively.
The internal heat generation rate Q, which also includes reversible heat and irreversible

heat. Compared with irreversible heat, the influence of reversible heat can be ignored. The
heat rate dominated by irreversible heat can be expressed as:

Q = qohmic + qover

qohmic = σe(∇De)
2 + σLi(∇DLi)

2

qover = as j(φe − φLi − Uj)

(16)

where qohmic is the Joule heat generated by ion resistance, qover is the Joule heat generated by
overpotential. De and DLi represent the diffusion coefficients of the electrolyte and electrode,
respectively. φe and φLi are the potential of the electrolyte and electrode, respectively. Uj

represents the open-circuit potential, and as is the empirical factor.
The relationship between the diffusion coefficient of lithium-ion and temperature can

be established through the Arrhenius empirical equation:

D = pe exp
[
−bC+ +

ED
R

(
1
T0

− 1
T

)]
(17)

where pe = 2.582 × 10−9 m2·s−1 and b = 2.735 × 103 mol m−3 represent the pre-index and
correlation coefficient independent of temperature, respectively. ED is the activation energy.

2.2.2. Mechanical Coupling Method

The growth of lithium dendrites in solid-state lithium batteries under stress coupling
conditions is simulated by the phase field method. Based on the Helmholtz free energy
functional of the dendrite growth model established by Chen et al. [16], the influence of

https://doi.org/10.3390/met16010041

https://doi.org/10.3390/met16010041


Metals 2026, 16, 41 8 of 17

the stress field is coupled to the Helmholtz free energy functional in the form of elastic
free energy, and the free energy functional theory is obtained, as shown in Equation (1).
Under the premise of the small deformation assumption, the elastic free energy density is
based on the generalized Hooke’s law to establish the elastic strain energy of the composite
electrolyte, as shown in Equation (14).

3. Finite Element Model
Based on the phase field theory content in the previous text, and the partial differential

equations to be solved. The two-dimensional nonlinear phase field model is established by
COMSOL Multiphysics 6.0 software to simulate the micron-scale lithium dendrite growth,
as shown in Figure 3.

 

Figure 3. Schematic diagram of a finite element geometric model to simulate the micron-scale lithium
dendrite growth.

The size of the finite element model is 6 µm × 6 µm. At the bottom position of the
model is the negative electrode, and the material is lithium metal. The top position is
set for the positive electrode, made of lithium iron phosphate (LiFePO4). In order to fa-
cilitate the observation of the inhibition of dendrite growth by the mechanical strength
of the electrolyte, the Garnet-type solid-state electrolyte Li7La3Zr2O12 (LLZO) is used in
the middle position. The nucleation site of lithium dendrites is set at the center of the
lithium electrode to ensure the uniform growth of dendrites. The phase field simulation
parameters of the lithium dendrite growth model are shown in Table 1. Furthermore,
the initial values of the phase field equation are set through the Step Function module
in COMSOL Multiphysics software. The nonlinear phase field control equation, concen-
tration conservation equation, potential distribution equation, and temperature control
equation are defined by Equations (9), (12), (13), and (15), respectively. The equation tem-
plate obtained according to the General Form PED (g) module is ea

∂2u
∂t2 + da

∂u
∂t +∇Γ = f

and ∇ =
[

∂
∂x , ∂

∂y

]
, where Γ is the conserved flux, f is the source item, da is the damp-

ing coefficient, ea is the mass coefficient. The differential equations in the template
are set. The conserved fluxes corresponding to Equations (9), (12), (13), and (15) are
−L0 f ′grad(ξ),

(
De f f∇c̃Li+ + De f f c̃Li+

nF
RT∇φ

)
, σe f f∇φ, and −∇κ∇T, respectively. Similarly,

the source items are −L0
[
g′(ξ) + f ′els(ξ, u)

]
− Lηh′(ξ)

{
exp

[
(1−α)nFη

RT

]
− cLi+

c0
exp

[
− αnFη

RT

]}
,

−K ∂ξ
∂t , −nFcs

∂ξ
∂t , and −Q, respectively. Damping Coefficients da are 1, 1, 1, and Cpρ, re-
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spectively. The mass coefficient ea is 0. The strain tensor is

Vegard1 0 0
0 Vegard2 0
0 0 Vegard3

.

The settings of the initial values and Dirichlet boundary conditions are shown in Table 2.
In the present work, both the lithium metal and the solid-state electrolyte are modeled as
small-strain, isotropic linear elastic materials, and plastic deformation and explicit frac-
ture of either phase are not included. This choice allows us to focus on the effects of
coupled electrochemical-mechanical-thermal fields and different initial nucleation geome-
tries on the early-to-intermediate stages of dendrite evolution with a limited number of
material parameters.

Table 1. Phase field simulation parameters of the lithium dendrite growth model. Adapted from
Refs. [31–33].

Parameter Symbol Value Unit

Interface mobility Lσ 1 × 10−6 m3/J·s
Chemical reaction constant Lη 0.5 1/s

Anisotropic modulus ω 4 -
Anisotropic intensity δ 0.1 -

Charge transfer coefficient α 0.5 -
Electrode conductivity σLi 1 × 107 S/m2

Electrolyte conductivity σe 0.1 S/m2

Electrode diffusion coefficient DLi 1.8 × 10−15 m2/s
Electrolyte diffusion coefficient De 2.3 × 10−15 m2/s

Barrier height W 3.5 × 105 J/m3

Energy gradient coefficient k0 1 × 10−10 J/m
Initial electrode concentration cLi 7.64 × 104 mol/m3

Initial concentration of electrolyte ce 1000 mol/m3

Electrode Poisson’s ratio νLi 0.42 -
Electrolyte Poisson’s ratio νe 0.3 -

Vegard coefficient
λ1 −0.866 × 10−3 -
λ2 0.773 × 10−3 -
λ3 0.529 × 10−3 -

Table 2. Initial value and boundary condition settings.

Control Field Initial Value Dirichlet Boundary
Conditions at the Electrodes

Dirichlet Boundary
Conditions at the Electrolyte

Phase field step(y2 + 1.2·x2) ξ = 1 ξ = 0
Concentration field (1-step(y2 + 1.2·x2))·c0 c = 0 c = c0

Electric potential field (1-step(y2 + 1.2·x2))·0.1 φ = 0 V φ = 1 V

The partial differential equations can be solved by setting the boundary conditions
and initial values in sequence. For mesh settings, a free quadrilateral mesh is adopted, with
the maximum element size set to 0.05 µm, the minimum element size set to 0.005 µm, the
maximum element growth rate and curvature factor set to 1.3 and 0.3, respectively, and the
narrow region resolution set to 1. For the research operation, the Newton iterative method
is adopted in this paper. The step size and time are set as follows: the operation time is
120 s, and the time step is set as 1 s.
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4. Results and Discussion
4.1. Verification of Finite Element Results

A dendrite growth model under the same research conditions as Wen et al. [34] is
established. The lithium dendrites are relatively short with a height of 3.82 µm at an
ambient temperature of 293.15 K. A comparison of lithium-ion concentration between
present simulation results and previous results at 293.15 K and a potential difference of
0.1 V for 100 s is shown in Figure 4. In this paper, the lithium-ion concentration distribution
under the same conditions is also established, as shown in Figure 4b. The height of the
lithium dendrite is 4.04 µm at the same ambient temperature. The error between the
previous result and the current result is 5.45%. By comparison, it can be found that the
lithium-ion concentration distribution established by the two is basically the same. This
consistency confirms that the model can provide reliable and suitable results for simulating
lithium dendrite growth.

 

Figure 4. Comparison of lithium-ion concentration between present simulation results and previous
results when t = 100 s: (a) Lithium-ion concentration obtained by Wen et al. [34] (reprinted with
permission from Ref. [34]. Copyright 2025, American Chemical Society); (b) lithium-ion concentration
of present finite element results.

4.2. Influence of Electric Potential on Lithium Dendrite Growth

Existing research demonstrates that the lithium dendrite growth initiates once the
electrical potential attains a critical threshold. This phenomenon is closely related to the
local overpotential caused by the electric potential in the electrolyte. The choice of potential
parameters plays a crucial role in the evolution process of dendrites. As revealed by
electrochemical overpotential equations, the applied external electric potential directly
modulates overpotential magnitude. When integrated with phase field theory, variations in
electric potential further exert direct control over the dynamic evolution of lithium dendrite
growth. To compare the influence of electric potential on the dendrite morphology of
lithium, the lithium dendrite morphology diagrams were obtained by setting the electric
potentials of 0.05 V, 0.10 V, and 0.15 V in the finite element model, respectively, as shown in
Figure 5. When electric potentials increase from 0.15 V to 0.05 V, the critical nucleation time
increases from 0.11 s (4.2 MPa) to 0.25 s (5.2 MPa), as stress reduces the lithium-ion flux at the
electrode-electrolyte interface. As shown in Figure 5, the magnitude of the electric potential
directly influences the diameter size. Higher voltages result in greater overpotential, which
significantly accelerates the lithium dendrite growth rate. This observation suggests that
elevated overpotential promotes the dendrite nucleation. The underlying mechanism is
that overpotential enhances the driving force for dendrite evolution and intensifies the
overall evolution process.
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4.3. Influence of Anisotropic Intensity on Lithium Dendrite Growth

The anisotropy strength is one of the key physical parameters that affect the growth
morphology and orientation of lithium dendrites. Especially in the solid electrolyte systems,
it interacts with the elastic modulus of the electrolyte and exerts a significant regulatory
effect on the tip splitting and trunk growth of dendrites [35]. Phase-field simulations
have shown that solid electrolytes with high anisotropic moduli can effectively hinder
the mechanical penetration of lithium dendrites. Based on this mechanism, incorporating
MXene nanosheets into the lithium metal anode can establish an MXene-bonded transport
network, enhancing the mechanical strength of the electrolyte and suppressing dendrite
propagation [36]. According to the free energy functional theory, the anisotropy of surface
energy plays a critical role in determining the direction of lithium deposition. To investigate
the effect of anisotropy intensity on dendrite morphology, simulations are conducted using
COMSOL Multiphysics 6.0 with δ values set at 0.01, 0.05, and 0.20, respectively. The
lithium dendrite growth morphology under varying anisotropic intensities at different time
intervals is presented in Figure 6. The maximum longitudinal growth rate decreases 47%
(from 0.042 to 0.022 µm/s) by anisotropic intensity from 0.20 to 0.01, attributed to stress-
induced reduction in effective diffusion coefficient and increased interfacial resistance.

 

Figure 5. Lithium dendrite growth morphology under different electric potentials: (a) φ = 0.05 V;
(b) φ = 0.10 V; (c) φ = 0.15 V.

It is observed that during the evolution process, when the anisotropy intensity is
relatively low, the lateral branches of the dendrites develop continuously toward both sides,
forming new branches, with multiple secondary lateral branches emerging from the primary
ones. This occurs because, within the phase-field method, the anisotropy intensity directly
influences the gradient energy coefficient, thereby increasing the magnitude of interfacial
free energy and amplifying interfacial instability. From the phase-field morphology results,
it can be seen that as the anisotropic intensity increases, branching growth along the
dendritic trunk becomes more pronounced. Meanwhile, the lithium-ion concentration
gradient at the discontinuity continues to rise, leading to a sharp tip phenomenon.

4.4. Influence of Anisotropic Modulus on Lithium Dendrite Growth

The anisotropic modulus also exerts a significant influence on the formation and
growth of lithium dendrites. As evident from the phase field equation above, these
anisotropic moduli directly affect the gradient coefficient, which in turn is incorporated into
the phase field model governing lithium dendrite growth within solid-state electrolytes.
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Therefore, this section investigates the influence of different anisotropic moduli on the
phase field model of lithium dendrites in solid-state electrolytes. Specifically, the anisotropic
modulus is adjusted in the lithium dendrite phase field model within the electrolyte and
set to ω = 2, ω = 4, and ω = 6 for analysis, respectively. When the anisotropic modulus
is set to 2, the dominant growth direction of the dendrite is oriented horizontally. With
an anisotropic modulus of 4, the dominant growth directions occur at 0◦, 90◦, 180◦, and
360◦. When the anisotropic modulus is set to 6, the dominant growth directions are 0◦,
60◦, 120◦, 180◦, 240◦, and 360◦. The corresponding lithium dendrite growth morphology
under different anisotropic moduli is presented in Figure 7. Since the nucleation points are
defined at the bottom, the growth direction of the dendrites is in a 0◦ to 180◦ angular range.
As can be seen from Figure 7, adjusting the anisotropy modulus can exert a discernible
inhibitory effect on the growth of lithium dendrites, which is particularly more pronounced
along the vertical direction. The results of the numerical simulation show that the growth
height of the longitudinal dendrites with ω = 6 (the preferred growth direction of hexagonal
shape) is 18% less than that of ω = 2 and 49% less than that of ω = 4 (Figure 7). This can be
achieved by doping LLZO electrolytes with Mg2+ or Al3+, which modify crystal orientation
and increase anisotropic modulus.

 

Figure 6. Lithium dendrite growth morphology with different anisotropic intensities: (a) δ = 0.01;
(b) δ = 0.05; (c) δ = 0.20.

When the preferred growth direction of the anisotropic modulus deviates from the
vertical orientation, a constant current condition causes lithium atoms to distribute across
multiple directions during deposition. Consequently, some lithium atoms from regions
of initially high deposition are redirected along other orientations, which reduces the
growth rate of lithium dendrites along the longitudinal direction. As shown in Figure 8,
the vertical preferred growth direction leads to the maximum height of lithium dendrites.
Future studies could focus on precise control of the degree of anisotropy through material
design, particularly by employing solid electrolytes with specific crystal structures or
microstructural features, to effectively suppress lithium dendrite growth.

Furthermore, based on the phase-field model coupled with mechanical stress, this
study analyzes the von Mises stress distribution resulting from different anisotropic moduli
under varying preferred growth directions, as presented in Figure 9. The von Mises stress
distribution visually illustrates the correlation between anisotropic moduli and stress
localization. For the highly anisotropic lithium dendrites, the von Mises stress concentrates
at the tip regions and directional bifurcations; for the moderately anisotropic dendrites, it is
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predominantly localized at the main stem tips; whereas in low anisotropy dendrites, the von
Mises stress is widely dispersed throughout the multi-branch regions. This phenomenon
reveals the regulation of anisotropic moduli on the feedback mechanism between stress
and dendrite growth. The vertical growth region not only serves as an active site for rapid
lithium-ion deposition but also represents a mechanically sensitive zone during dendrite
evolution. By modulating the location and magnitude of von Mises stress concentration,
anisotropic moduli further influence the growth kinetics of dendrites.

 

Figure 7. Lithium dendrite growth morphology under different anisotropic moduli: (a) ω = 6;
(b) ω = 4; (c) ω = 2.

 

Figure 8. Curves of the maximum length of lithium dendrites with different anisotropic moduli
varying with time.

The influence of anisotropic moduli on the mechanical behavior of lithium dendrites is
further quantified in Figure 10 by analyzing the evolution of von Mises stress with respect
to the vertical length of the dendrites. When the anisotropic modulus is set to 6, an initial
stress peak of 9.22 MPa occurs as the lithium dendrite vertical length reaches 0.45 µm,
after which the stress rapidly decays to near-zero levels. This behavior is attributed to
the directional branching morphology resulting from the high anisotropy modulus. The
regular growth pattern minimizes the accumulation of disordered stress, thereby enhancing
the mechanical stability of dendrites and effectively suppressing the risk of electrolyte
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penetration due to stress concentration. When the anisotropic modulus is set to 4, the von
Mises stress remains at a relatively high level of 5.67–7.68 MPa as the lithium dendrite
vertical length increases from 0 µm to 5.35 µm. A pronounced stress peak emerges in
the later stage, reflecting the mechanical behavior characteristic of main trunk dendrite
growth: the longitudinal extension of the main trunk continuously accumulates stress,
while the development of secondary branches further intensifies stress concentration. This
stress behavior increases the possibility of dendrites penetrating the electrolyte. When
the anisotropic modulus is set to 4, the von Mises stress is at a relatively high level of
6.15–6.97 MPa as the lithium dendrite vertical length increases from 0 µm to 0.73 µm. As
the lithium dendrite vertical length reaches 1.60 µm, the stress attains its first peak of
7.71 MPa. When the dendrite length further increases to 1.75 µm, a second stress peak
of 9.17 MPa is observed. During these stages, the stress exhibits significant fluctuations,
and the multi-peak characteristics observed in the early and middle stages align well
with the disordered multi-branched moss-like morphology of the dendrites. Frequent tip
splitting and disordered growth lead to repeated cycles of stress concentration and release.
The residual stress eventually indicates that the mechanical stability of such dendrites is
the lowest.

 

Figure 9. von Mises stress distribution with different anisotropic moduli: (a) ω = 6; (b) ω = 4; (c) ω = 2.

 

Figure 10. Variation of von Mises Stress curves with lithium dendrite vertical length for different
anisotropic moduli.
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5. Conclusions
Based on the phase field theory, this study develops a multi-physics coupling model

to systematically investigate the evolution mechanisms and suppression strategies of
lithium dendrites induced by key physical parameters (electric potential, anisotropic in-
tensity/modulus) through the coupled effects of mechanical, thermal, and electrochemical
fields. The governing nonlinear partial differential equations are formulated by combining
the Cahn-Hilliard and Ginzburg-Landau equations. Numerical simulations are performed
to analyze the influence of various physical parameters on the morphological evolution
of lithium dendrites. Quantitative predictions (e.g., absolute dendrite length at specific
times) of lithium dendrite suppression strategies in an LLZO electrolyte are provided for
the simulated conditions with electric potentials of 0.05–0.15 V, anisotropic intensity of
0.01–0.2, and anisotropic modulus of 2–6. The main findings of this work are summarized
as follows:

Based on the established phase field equation, the effects of electric potential,
anisotropic intensity, and anisotropic modulus on the growth of lithium dendrites are
investigated. It is found that reducing the interfacial electric potential between the elec-
trode and electrolyte lowers the overpotential in the phase-field equations, which decreases
the lithium-ion migration rate. This effectively suppresses the longitudinal growth of den-
drites and slows their deposition kinetics. The reduction in anisotropic intensity leads to a
significant decrease in the gradient-free energy at the electrode-electrolyte interface, thereby
causing the deposition rate of lithium dendrites to slow down. The anisotropic modulus
affects the growth direction of lithium dendrites. When the growth angle of diffused
lithium dendrites is adjusted, the deposition rate of lithium dendrites in the longitudinal
direction is alleviated.

In addition, the current model assumes small elastic deformation and ignores plastic
flow, which may become significant at high stress (>50 MPa) or long cycling times. This
investigation focuses on micron-scale dendrite evolution and does not consider macro-
scale battery performance. Quantitative validation is limited to lithium-ion concentration
distribution, with future work needed to compare with in situ experimental data (e.g., den-
drite growth rate). The literature indicates that elastic-plastic deformation and fracture
of both lithium metal and solid electrolytes become critical near failure and short-circuit
conditions [37–39]. Extending the present elasticity-based framework to incorporate elastic-
plastic constitutive behavior and electro-chemo-mechanical fracture of the electrolyte and
lithium metal will therefore be an important direction of future work.
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