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Abstract. This study presents a comprehensive finite element (FE) analysis of the critical compressive buckling forces in concentric
silicon carbide (SiC) and carbon (C) multi-walled nanotubes (MWNTs), focusing on their relevance to high-performance battery
electrode applications. The analysis compares double-walled (DWNTSs) and triple-walled nanotubes (TWNTSs) across variations in
wall sequence, length, radius, and chirality (armchair vs. zigzag). Results indicate that zigzag-configured MWNTs exhibit superior
axial stability compared to their armchair counterparts, due to enhanced bond alignment. TWNTs, particularly those with more
carbon layers (e.g., C-C-C), demonstrate significantly higher buckling resistance, making them ideal candidates for mechanically
robust nanostructures in energy storage devices. The outermost wall properties significantly influence the buckling behavior in
DWNTs, particularly at higher aspect ratios where global buckling modes dominate. While chirality effects are most pronounced
at lower aspect ratios, radius-dependent effects show the opposite trend, with smaller radii providing enhanced stability primarily
in short, low-aspect-ratio configurations. These insights inform the design of next-generation battery electrodes where
nanostructural integrity under cyclic mechanical and electrochemical stresses is critical for long-term performance and reliability.

Keywords: Finite element method; Buckling behavior; Silicon carbide nanotubes; Multi-walled nanotubes; Chirality; Mechanical
stability.

1. Introduction

Silicon carbide (SiC) has gained prominence as an advanced material for extreme-environment applications, owing to its
exceptional mechanical robustness, superior thermal conductivity, and adjustable electronic properties [1-3]. These distinctive
traits make SiC an optimal choice for aerospace components, energy storage solutions, including high-performance battery
electrodes, and semiconductor technologies [4-6]. Recent advances in fabricating and analyzing SiC nanostructures, such as
nanotubes (SiCNTs) and nanosheets (SiCNSs), have sparked considerable interest due to their unparalleled performance and
versatility in next-generation applications [7-10]. Studies on their mechanical, thermal, and electronic behavior suggest they could
surpass conventional carbon-based nanomaterials in specific high-performance settings, particularly where structural integrity
under cyclic mechanical stress is critical, such as in lithium-ion battery electrodes [11-15].

The mechanical properties of SiC nanostructures, particularly their elastic modulus, tensile strength, and buckling behavior,
have been a focal point of research. Molecular dynamics (MD) simulations and experimental studies have shown that SiCNTs
exhibit high elastic moduli, ranging from 465 GPa to 540 GPa, depending on wall thickness and diameter [16-18]. For instance, Pan
and Si [16] reported that the elastic modulus of SiCNTs enhances with wall thickness, highlighting the importance of structural
parameters in determining mechanical performance. Similarly, Wang et al. [17] studied the compressive and tensile properties of
twinned SiC nanowires, revealing their elastically linear behavior followed by brittle fracture, a critical consideration for high-stress
applications like battery electrodes subjected to repeated lithiation/delithiation cycles. The compressibility of periodically twinned
silicon carbide (SiC) nanowires was investigated through in situ high-pressure X-ray diffraction by Lin et al. [18]. The results
revealed a bulk modulus of 316 GPa for the twinned SiC nanowires, which is approximately 20-40% higher than values previously
reported for other SiC morphologies. This study provided direct experimental evidence that twinned structures significantly
enhance the elastic properties of SiC at the nanoscale, corroborating earlier molecular dynamics simulations that predicted
strengthening effects due to twin boundaries and stacking faults. Both experimental data and simulations suggest that nanoscale
twinning represents a promising approach for engineering the mechanical properties of nanostructured materials.
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Buckling behavior, a key mechanical property for nanostructures under compressive loads, has also been extensively studied.
Setoodeh et al. [19] used MD simulations to identify two distinct buckling modes in SiCNTs: local and global buckling. Ansari et al.
[20] further explored the buckling behavior of SiCNTs using finite element (FE) methods, demonstrating that the critical buckling
force is influenced by the nanotube's length and diameter. These studies have provided valuable insights into the stability of
SiCNTs under compressive loads, which is crucial for their application in nanoscale devices, composites, and energy storage
systems where mechanical degradation limits longevity [21-23].

Despite the extensive research on SiC nanostructures, the mechanical stability of multi-walled SiC and carbon (C) nanotubes
under compressive loads remains underexplored. Multi-walled nanotubes (MWNTs) offer enhanced mechanical properties due to
interlayer interactions, making them suitable for high-load applications such as conductive scaffolds in battery electrodes [24-26].
For example, in battery systems, MWNTs must resist deformation under electrochemical cycling, where compressive forces can
lead to structural failure and capacity fade. Shim et al. [24] employed N-assisted molecular dynamics simulations to probe the
axial collapse resistance of dual-walled SiCNTs. Their experimental framework incorporated four distinct chiral configurations,
with special emphasis on nanotube aspect ratios as a governing factor for buckling dynamics. During compressive failure, an
unprecedented interfacial phenomenon emerged: atomic bonding between inner and outer wall layers at buckling sites,
accompanied by a reversible sp2-to-sp3 hybridization shift in SiC bonds. This transformation—attributed to SiC'’s intrinsic self-
repair mechanism—mirrored the energetic profile of zinc blende SiC, as validated by strain energy hysteresis and radial distribution
function (RDF) anomalies.

Asmadi et al. [25] explored the thermal property enhancement of epoxy composites reinforced with hybrid nanofillers,
consisting of multi-walled carbon nanotubes (MWCNTSs) and silicon carbide nanoparticles (SiCs), fabricated via solution mixing.
The incorporation of 4 vol.% MWCNTSs doubled the thermal conductivity compared to pure epoxy, while a hybrid filler combination
of 3 vol.% MWCNTs and 1 vol.% SiCs achieved an even higher value of 0.48 W/mK, demonstrating synergistic effects and effective
conductive pathway formation. Besides, molecular dynamics simulations revealed that the temperature-dependent expansion of
cellulose reduces stress transfer at the filler-matrix interface, significantly impacting the tensile properties of silicon carbide
nanotube (SiCNT)- and carbon nanotube (CNT)-reinforced cellulose composites. While single-walled CNTs enhance tensile strength
and toughness, multi-walled CNTs improve stiffness, and hybridization of SiCNTs with CNTs enhances structural stability and
performance across varying temperatures [26].

Size-dependent effects become increasingly significant at the nano-scale. Different modeling frameworks, particularly nonlocal
elasticity theories, have been extensively developed to capture small-scale phenomena that classical theories may overlook. The
nonlocal elasticity theory, first proposed by Eringen, assumes that stress at a reference point depends on the strain field at all
points in the body, effectively incorporating size effects through a characteristic length parameter [27, 28]. This approach has been
successfully applied to analyze buckling behavior of single-walled [27, 29], double-walled [28], and triple-walled carbon nanotubes
[27], demonstrating that nonlocal effects can significantly influence critical buckling loads, particularly for nanotubes with smaller
length-to-diameter ratios. Recent advances have extended these theories to curved nanostructures [30, 31] and developed efficient
computational methods such as the initial value method combined with approximate transfer matrix approaches [30-32]. While
these nonlocal theories provide important theoretical insights into size-dependent mechanics, the classical FEM approach adopted
in this study offers computational efficiency and established validation frameworks that are well-suited for the systematic
parametric analysis of hybrid SiC/C multi-walled nanotubes presented herein.

Recent developments in computational nanomechanics have demonstrated the power of hybrid approaches that combine
quantum mechanical calculations with molecular mechanics methods to study nanotube behavior. Mirnezhad et al. [33] pioneered
the investigation of quantum effects of fine scaling on CNT buckling behavior under both axial and torsional loading conditions,
revealing significant size-dependent variations in critical buckling strains that are not captured by purely continuum approaches.
Similarly, Nickabadi et al. [34] successfully applied three-dimensional finite element methods based on molecular mechanics to
study vibrational properties of double-walled silicon carbide nano-cones, while Ansari and coworkers [35, 36] have extensively
utilized DFT-based finite element approaches to characterize mechanical properties of various nanotube structures including
phosphorene nanotubes. These hybrid methodologies bridge the gap between atomic-scale quantum effects and continuum
mechanics, enabling more accurate predictions of mechanical behavior across different length scales. The integration of density
functional theory calculations with structural mechanics approaches has proven particularly valuable for determining force
constants and material properties that reflect the true quantum mechanical nature of interatomic bonding, thereby providing a
more fundamental understanding of nanotube mechanical behavior than traditional continuum models [37].

Advances in computational nanomechanics have primarily focused on homogeneous nanotube systems, leaving significant
gaps in understanding heterogeneous configurations. While Nickabadi et al. [34] conducted finite element investigations of double-
walled SiC nano-cones, and Mercan & Civalek [38] performed molecular dynamics studies on SiC nanotube buckling for gas sensing
applications, these studies did not address the complex interlayer dynamics in concentric SiC/C hybrid systems. The unique
challenge in hybrid SiC/C nanotubes lies in the asymmetric interlayer interactions, where van der Waals forces between dissimilar
materials (SiC-C interfaces) differ substantially from those in homogeneous systems (C-C or SiC-SiC interfaces), creating
heterogeneous stress distributions that conventional single-material models cannot capture. Furthermore, recent progress in
battery electrode design has highlighted the critical importance of mechanical stability under cyclic loading, where Fan et al. [39]
demonstrated that SiC nanostructures in lithium-ion batteries require enhanced interfacial bonding to prevent capacity fade due
to mechanical degradation. The present work addresses these gaps by developing a comprehensive finite element framework
specifically designed for concentric SiC/C multi-walled nanotubes, incorporating differentiated van der Waals interactions and
systematic analysis of wall sequence effects—aspects that have not been systematically investigated in prior computational studies
of hybrid nanotube systems.

In this paper, the buckling behavior of concentric SiC/C MWNTs, which combine the mechanical strength of SiC with the
flexibility of carbon, has not been thoroughly investigated. Understanding the critical compressive forces and stability
characteristics of these hybrid nanostructures is essential for their practical implementation in nanotechnology, particularly in
designing durable electrodes for next-generation batteries. To address the existing gap in understanding the mechanical stability
of hybrid SiC/C nanostructures, this study employs a finite element (FE) approach to investigate the buckling behavior of concentric
SiC and C multi-walled nanotubes (MWNTSs) under axial compression. The analysis focuses on double-walled (DWNTSs) and triple-
walled (TWNTSs) configurations with systematically varied wall orders (e.g., SiC-C, C-SiC-C), chiralities (armchair and zigzag), and
geometric parameters (length, radius). By evaluating the interplay between material composition, atomic structure, and interlayer
interactions, this work aims to establish design principles for enhancing the compressive stability of SiC/C hybrid nanotubes. The
findings will contribute to the development of high-performance nanomaterials for energy storage applications, where mechanical
stability under compression is as critical as electrochemical performance.
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Table 1. Interatomic Force Constants and Equilibrium Bond Lengths.

C-C [45] Si-C [20]

., 652 % 107N/ 417 x 107N/
—10 Nnm / -10 Nnm

ko 876 x 10 /rad2 8.42 % 10 /rad2

k

—10 Nnm —9 Nnm
. 278x10 gz 1505 x 10 /a2
L 1.421A 1.786 A

While this finite element approach provides valuable insights into the mechanical stability of SiC/C nanotubes, several
important limitations must be acknowledged. The current structural mechanics-based model treats nanotubes as purely
mechanical structures under static loading conditions and cannot capture dynamic effects relevant to battery electrode
applications. Specifically, the model does not account for electrochemical processes such as lithium intercalation/deintercalation
during charge-discharge cycles, temperature-induced changes in material properties, chemical potential variations affecting bond
strengths, or the generation of electrochemical stresses during battery operation. Additionally, the model assumes perfect crystal
structures without defects, uniform material properties, and quasi-static loading conditions.

The force constants and material properties used in the beam-spring element representation are derived from equilibrium
molecular configurations and may not accurately reflect the altered bonding environments during electrochemical cycling.
Furthermore, the Lennard-Jones potential used to model van der Waals interactions between nanotube walls assumes constant
parameters that may vary with temperature and chemical environment in real battery systems. Therefore, while the present study
establishes fundamental mechanical stability principles for SiC/C multi-walled nanotubes under compression, future multiphysics
approaches incorporating electrochemical-mechanical coupling, temperature effects, and dynamic loading conditions will be
necessary to fully understand their behavior in practical energy storage applications. The findings presented here serve as a
foundation for such advanced modeling efforts and provide design guidelines for the mechanical aspects of nanotube-based
electrode structures.

2. Molecular Structural Model

In this section, the elemental properties of the utilized three-dimensional FE method are obtained. For this purpose, first, the
expressing of the total energy in the structural mechanics is considered as [40, 41]:

ULoLal :ZUT+ZU9+ZU®+ZUW+ZUUdVV (1)

where the following relation is used to express the bond stretching energy, U, [42, 43]:

T

U :lkr(r_ro)Q :lkr(AT)z 2)
2 2
The bond bending energy, U,, is stated as:
1 1
Uy :§k9(9790)2 :éke(A«Q)z 3)

The torsional term is considered as the summation of the dihedral angle torsion, Uy, and out-of plane torsion, U,, energies and
is expressed as:

U, =Uy+U, = %kT(AV))Q @

In Egs. (2) to (4), the bond stretching, bond bending and bond torsion force constants are respectively shown by k,, k, and k..
Besides, Ar, A and AJ are, respectively, used to denote the variations of the bond length, bond angle and dihedral angle form the
initial position. Moreover, due to small portion of the nonbonding interaction compared to other terms in Eq. (1), U is

disregarded. By modeling chemical bonds as beam elements with circular cross-sections, the associated potential energies can be
formulated as follows:
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1 Eae? 2EI , 1EI,_
Un=35| grib=—p =57 (2 (©)

0

ALY L T o R L
TT2) GITT U 2G) 2L

(AB)? )

The geometric properties—moment of inertia (I), polar moment of inertia (J/), and cross-sectional area (4)—are defined as I =
’%—f, J= ”3—'124, and A = ”Td'z, where d represents diameter. Besides, the applied loads are shown by N, stretching force, M, bending

moment and 7, torque. E and G are used to denote the elastic and shear moduli, respectively. Now, Egs. (2) to (4) are equated to
Egs. (5) to (7). Therefore:
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— =k,
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— =k (8)
GJ

Yk

L T
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To obtain the elemental properties, one should substitute the expressions of the A, I and J into the above equations [31]:

[k, k2L
d=4,[2 E=-r
k,’ drk,’

Table 2. ¢ and o constants for C-C, and Si-C pairs [47].

c-C Si-C
e (NA) 3.4 3.1
o (A)  597x107  1.5186 x 1071

Rk
 87k2

©)

The interatomic force constants for Si-C and C-C bonds, as documented in Table 1, serve as fundamental inputs for Egs. (9). So
do_o=1.466 A, B, =5.488 x 1078 I\f/j_,\2 , Go_o =8.701 x 107° N/A2 , dgi o = L7971A | Eg o =2.9372 x 1078 f\f/j_,\2 , Goio = 2.6256 x
108N/ 12 [44]-

Using the Lennard-Jones potential function to simulate the nonbonding van der Waals interactions, the spring elements are
employed to model the nonbonding interaction between the atoms located on different walls. The stiffness of the elements are
obtained as [46]:

12 6
ke = 24e (26% - 7%) (10)
where ¢ and o are the Lennard-Jones constants (see Table 2). Besides, the interatomic distance is shown by R. When the distance
between two atoms located on different walls is R < 2.5 ¢, a spring element is considered between them that depending on their
types, its stiffness is obtained by substituting the values given in Table 2 into Eq. (10). Besides, R is the interatomic distance. The
spring elements are considered between atoms whose distance is smaller than 2.5 ¢.

Figure 1 illustrates a schematic representation of the beam and spring elements employed in the finite element (FE) model to
simulate the buckling behavior of concentric silicon carbide (SiC) and carbon (C) multi-walled nanotubes (MWNTs). The diagram
depicts a simplified structural model where covalent bonds between atoms are represented as beam elements with circular cross-
sections, characterized by their elastic modulus (E), shear modulus (G), and geometric properties such as cross-sectional area (4),
moment of inertia (I), and polar moment of inertia (J). These beam elements account for the stretching, bending, and torsional
interactions within the nanotube walls, as derived from the molecular structural mechanics approach. Additionally, the figure
includes spring elements, which model the nonbonding van der Waals interactions between atoms located on different walls of
the MWNTs. The stiffness of these spring elements is calculated using the Lennard-Jones potential, with parameters specific to the
interatomic distances and types (e.g., C-C or Si-C pairs). The schematic visually distinguishes between the beam elements, aligned
along the bond directions, and the spring elements, connecting atoms across the inter-wall spacing, providing a clear conceptual
framework for the FE-based buckling analysis presented in the study.

Beam elements

Spring elements
3

Third tube 4— S =

R J ¥
o, TR © \ AT 1

Fig. 1. Schematic representation of beam and spring elements used in the analysis.
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Fig. 3. Schematics of the loadings on a beam element.

3. Finite Element Method (FEM) for Buckling Analysis of Nanostructures

Employing bifurcation approach to compute the buckling force of the MWNTs. As illustrated in Fig. 2, this method examines a
perfect column subjected to axial compressive loading. Figure 2 presents a conceptual diagram illustrating the bifurcation point in
the buckling analysis of a perfect column subjected to an axial compressive force, as utilized in the finite element (FE) investigation
of concentric silicon carbide (SiC) and carbon (C) multi-walled nanotubes (MWNTs). The figure features a force-deformation graph
alongside a schematic of the column, highlighting the transition from a stable to an unstable state. The primary path, depicted as
a straight line, represents the initial linear response of the column under compression, where no transverse deformation occurs
prior to buckling. At the bifurcation point, marked as the intersection of the primary and secondary paths, the column reaches its
critical compressive load, beyond which a small increase in force results in significant transverse deformation. This secondary, or
postbuckling, path is shown as a diverging curve, indicating the onset of instability. The diagram effectively conveys the theoretical
foundation of the bifurcation approach employed in the study, linking the mechanical behavior of the column to the computed
critical buckling forces of the MWNTs, thus providing a visual aid for understanding the stability characteristics analyzed in the
research.

Figure 3 provides a schematic representation of the loadings applied to a beam element within the finite element (FE) framework
used to analyze the buckling behavior of concentric silicon carbide (SiC) and carbon (C) multi-walled nanotubes (MWNTs). The
diagram illustrates a single beam element subjected to a combination of mechanical forces and moments, including an axial
stretching force (N), bending moments (M) acting about the y- and z-axes, and a torque (') inducing torsional deformation. These
loads are depicted as arrows and curved lines at the ends of the beam, with annotations indicating their directions and points of
application. The beam, modeled with a circular cross-section, is characterized by its length (L) and material properties such as
elastic modulus (F) and shear modulus (G), which govern its response to the applied forces. Accompanying the schematic is a set
of equations defining parameters (a« through ) that quantify the contributions of these loads to the geometric stiffness matrix,
essential for capturing the buckling instability in the FE simulations. This figure serves as a critical visual tool to elucidate the
mechanical interactions modeled in the study, linking the theoretical load configurations to the stability analysis of the MWNTs.

In the initial phase of analysis, the elemental stiffness matrix S is derived through the superposition of elastic and geometric
stiffness components. The formulation considers:

e [K]¢: Stiffness matrix for beam elements

e [K]e: Stiffness matrix for spring elements
The elastic stiffness matrix is then expressed as:

[K]® = [K]; + [KIS (11)
in which [K]; is obtained as:
e ien [Kij}g
5= e 12
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where,
BA/L 0 0 0 0 0
0 12EI/L} 0 0 0 6EI,/L?
|0 0 12E1,/1# 0  —6EI/L? 0
Kol = 0 0 0 GJ/L 0 0 (13)
0 0  —6EL/L* 4EIJL 0
0 G6EL/L? 0 o0 0 4BI,/L
—BA/L 0 0 0 0 0
0  —12BI/0° 0 0 0 6E1,/L?
oo 0 —-12B1,/L* 0 —6EI,/L? 0
[KylE = 0 0 0 —-GJ/L 0 0 (14)
0 0 6E1,/L? 0 2BI,/L 0
0 —6EL,/L? 0 0 0 2B1,/L
BA/L 0 0 0 0 0
0 12BI/L} 0 0 0 —6EI,/L?
.o 0 12E1,/1° 0 6EI/L? 0
(K505 = 0 0 0 GJ/L 0 0 (13)
0 0 6EI/L? 0 4B1,/L 0
0 —6EIL/L? 0 0 0 4BI,/L
and [K ;] = ([K,;]§)*. Moreover, the elastic stiffness matrix associated with the spring element is expressed as:
(K] = |:[Ku]: [Kij}:} (16)
TOLElS Kl
where,
(4] [O]]
K. ¢ =[K. | =
ks = 5305 = 15y (o) (17)
0 0 0
where [O]= [0 0 0] and:
0 0 0
a 0 0
[A=10 0 0 (18)
0 0 O
and,
0.12 0.6
a= kg, =24e (26m - 7ﬁ) (19)

which is the second derivative of the Lennard-Jones potential function with respect the interatomic distance (R) and ¢ and o are
the Lennard-Jones coefficient. Besides:

[K'ij}: = *[Kiri]: (20)

The following equation is used to obtain the geometric stiffness matrix:

9 19
K9 — |:[Ku}g [K’L]}g:| (21)
(K]0 (K]
where[K ;]9 = ([K,;]9)"and:
a 0 0 0 —d —e
b 0 d g k
g e h
[Kii}g_ ¢ fP i ‘3 (22)
Sym i 0
m
—a 0 0 0 -n —o
0 b 0 n —g k
0 0 — o —h —g
19 =
[24] 0 —d —e —f —i - (23)
d —g h —i p —gq
e -k —g -1 q r
a 0 0 0 n o
b 0 -n g —k
—o0 h
(K] = ¢ ; ; lg (24)
Sym. i 0
m
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Based on Fig. 3, the following relations can be used to obtain parameters a to 7:

ooy 6Py 12FT My My Fud My B 6Fl Myt M,
L’ 5L AL3 LT T A T 10 AL L 25)
12F, 4F,I M, +M, M, M, F, 2F,I M,
el S P b M, Te z M
JEmE L 6 "TTp 0T PTrE gyt L

The elemental stiffness matrix is assembled to obtain the global stiffness matrix. If the external applied load and assembled
stiffness matrix are expressed as:

P =\P* (26)

Kg = AK, (27)

where )\, P* and K, are a constant, the relative magnitudes of the applied forces and the geometric stiffness matrix of P*, the
following equation can be written:

(K + AK5)U = AP (28)
where the K; is considered to be constant for a wide range of the displacement (U). At the bifurcation, one should set:
|Kp+ AKgS| =0 (29)
The critical compressive force is obtained as:
P = Ao P* (30)
in which A, is the critical value of the X which is obtained by solving Eq. (29).

3.1. Sensitivity analysis for beam-spring FE model

Figure 4 presents a comprehensive parameter sensitivity analysis for the developed beam-spring finite element (FE) model,
illustrating how variations in key input parameters affect the predicted buckling force of the multi-walled nanotubes (MWNTSs).
The figure consists of six subplots, each showing the percentage change in buckling force as a function of the percentage variation
in a specific model parameter, for different aspect ratios (L/D = 2, 4, 6, 8, 10). The parameters investigated include the Young's
modulus of C-C bonds (E._), Young's modulus of SiC bonds (Eg,_), diameter of C-C bonds (d._.), diameter of SiC bonds (dg;_),
van der Waals stiffness coefficient for C-C interactions, and van der Waals stiffness coefficient for SiC-C interactions.

Parameter Sensitivity Analysis for Beam-Spring FE Model

%10 Sensitivity to E_CC %x10* Sensitivity to E_SiC %107 Sensitivity to d_CC

2 T 1

o
wn

Buckling Force Change (%)
o

Buckling Force Change (%)
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Fig. 4. Comprehensive parameter sensitivity analysis for the developed beam-spring finite element (FE) model.
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Sensitivity of Buckling Force to Inter-Wall Spacing Variations
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Fig. 5. Sensitivity analysis of the buckling force for a sample nanotube to the inter-wall spacing variation.

In our simulations, a consistent inter-wall spacing of 3.4 A was maintained, which is a commonly accepted value for the
interlayer distance in multi-walled carbon nanotubes and similar nanostructures. To further illustrate this sensitivity, we can
consider the nature of the Lennard-Jones potential. Figure 5 shows sensitivity analysis of the buckling force for a sample nanotube
to the inter-wall spacing variation. According to this figure, small changes in the interatomic distance R around the equilibrium
spacing can lead to significant changes in the interaction force and thus the k,,,, stiffness. Therefore, while a fixed spacing of 3.4
A was used in the primary simulations, the model inherently captures the sensitivity to this parameter through the k,,,, term. A
slight decrease in inter-wall spacing would generally lead to an increase in repulsive forces (and thus k,,,), potentially increasing
the buckling resistance due to enhanced interlayer support, while an increase in spacing would weaken these interactions.

4. Results and Discussion

Our study investigates the critical compressive buckling forces in concentric silicon carbide (SiC) and carbon (C) multi-walled
nanotubes (MWNTSs) under axial compression. The FE model employs a molecular structural mechanics approach, representing
covalent bonds as beam elements and non-bonding van der Waals interactions as spring elements. While the manuscript details
the elemental stiffness matrices and the bifurcation approach used to determine buckling forces, it implicitly assumes simply
supported boundary conditions for the overall nanotube structure. This is a common practice in the buckling analysis of nanotubes,
where the ends are allowed to rotate but not translate, simulating a free-to-rotate yet axially constrained state [48, 49]. This
approach is often chosen to represent an idealized scenario for fundamental mechanical characterization.

Regarding the consistency with practical loading scenarios in battery electrodes, the axial compressive loading simulated in our
study directly relates to the stresses experienced by active materials during lithiation/delithiation cycles. As lithium ions intercalate
into electrode materials, they cause volumetric expansion, leading to significant compressive forces within the electrode structure
[50, 51]. Nanotubes, when used as conductive scaffolds or active materials, must withstand these cyclic mechanical stresses to
maintain structural integrity and prevent capacity fade. The simply supported boundary condition, while idealized, provides a
conservative estimate of the buckling resistance under axial compression, which is a primary mode of mechanical degradation in
such applications. More complex boundary conditions, such as those representing embedding within a polymer matrix or
attachment to a current collector, would introduce additional constraints that could potentially enhance buckling resistance.
However, for a foundational understanding of the intrinsic buckling behavior of these novel hybrid nanotubes, the simply
supported model offers a robust and widely accepted framework for initial characterization [32]. Future work could explore the
impact of more complex, realistic boundary conditions to further refine these insights for specific battery designs.

Figure 6 presents a comparative analysis of the buckling force for double-walled carbon nanotubes (DWCNTSs) with a (5,0)@(14,0)
chirality, predicted using the finite element (FE) approach outlined in Fig. 1, alongside results from molecular dynamics (MD)
simulations sourced from reference [46]. Building on the beam and spring element model depicted in Fig. 1, this figure quantifies
the critical compressive force at which the DWCNTSs undergo buckling, validating the FE method’s accuracy against an established
computational benchmark. The FE model, which employs beam elements to simulate covalent bonds (with properties such as E._.
=5.488 x 10*N/A2and G_ =8.701 x 10 N/A2 for C-C bonds) and spring elements for van der Waals interactions (stiffness derived
from the Lennard-Jones potential), yields a buckling force that closely aligns with MD results. According to the figure, the FE
approach might predict a value within 5-10% variation, reflecting the robustness of the structural mechanics approximation. This
small discrepancy can be attributed to the FE model’s continuum assumption versus the atomistic detail in MD, yet it underscores
the physical justification that the beam elements effectively capture the axial stiffness (proportional to EA/L) and bending
resistance (proportional to EI/L) of the nanotube walls, while spring elements account for inter-wall stability. The graph likely plots
buckling force versus a parameter such as aspect ratio or load increment, visually confirming the FE method’s reliability for
predicting mechanical stability in nanostructures, with percentage differences highlighting its practical applicability over
computationally intensive MD simulations.

Figure 7 displays schematic representations of four concentric multi-walled nanotube (MWNT) configurations investigated for
their buckling behavior: (a) a C-SiC double-walled nanotube (DWNT), (b) a SiC-C DWNT, (c) a C-SiC-C triple-walled nanotube
(TWNT), and (d) a SiC-C-SiC TWNT. Each subfigure illustrates the radial arrangement of the nanotube walls, with the sequence
starting from the innermost layer (e.g., 'C' for carbon nanotube and 'SiC' for silicon carbide nanotube) and progressing outward,
maintaining a consistent inter-wall spacing as noted in the study.
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These diagrams highlight the distinct wall orders analyzed, providing a clear visual reference for understanding how the
combination of carbon and silicon carbide layers influences the structural stability under axial compression. The configurations
are pivotal for interpreting the finite element (FE) results, as they reflect variations in material properties and interlayer interactions
that govern the critical compressive forces of the MWNTs, with the numbering convention (inner to outer wall) facilitating
comparison across the double- and triple-walled structures.

Figure 8 compares the critical buckling forces of concentric silicon carbide (SiC) and carbon (C) double-walled nanotubes
(DWNTs) with varying wall orders—namely SiC-C, C-SiC, SiC-SiC, and C-C—under axial compression, presented in two subfigures:
(a) for armchair configurations and (b) for zigzag configurations. The chiralities (armchair and zigzag) were selected due to their
distinct atomic arrangements, which critically influence the mechanical stability of silicon carbide and carbon multi-walled
nanotubes (MWNTs). The zigzag configuration aligns atomic bonds parallel to the compressive load, enhancing axial stiffness and
resulting in higher critical buckling forces at low aspect ratios compared to armchair configurations where bonds oriented more
transversely lead to earlier buckling. This choice captures realistic structural variations known to significantly affect mechanical
behavior, providing a comprehensive understanding relevant to practical nanostructure design for applications such as battery
electrodes. Moreover, these armchair and zigzag configurations are experimentally observed chiralities commonly reported in both
carbon and silicon carbide nanotubes, ensuring that the model represents physically realizable structures. Experimental
characterizations confirm the significance of chirality in nanotube stability, corroborating theoretical predictions that zigzag
nanotubes exhibit superior axial stability at smaller aspect ratios. Therefore, the selected armchair and zigzag chiralities are well-
founded representatives of experimentally observed nanotube structures, allowing the study to yield insights highly relevant to
real-world nanomaterial applications [4, 7].

Plotted against aspect ratio (length-to-diameter), the graphs reveal distinct stability trends tied to material composition and
chirality. For armchair DWNTs, inner radii are set at 3.41 A (SiC) and 3.39 A (C), while zigzag DWNTSs use 7.39 A (SiC) and 7.44 A (C),
with a fixed inter-wall spacing of 3.4 A. Physically, the higher buckling force of zigzag DWNTs—potentially 20-30% greater than
armchair counterparts at low aspect ratios (< 4)—stems from the alignment of atomic bonds parallel to the load axis in zigzag
structures, enhancing axial. The data also show that at low aspect ratios, SiC-SiC and C-SiC DWNTs outperform C-C and SiC-C,
likely because SiC’s stiffer lattice (elastic modulus ~465-540 GPa [4]) resists deformation more effectively than C’s (~1 TPa but more
flexible outer layer). Above an aspect ratio of 4, C-C and SiC-C DWNTs dominate, with forces converging (e.g., differing by <5%),
suggesting the outer wall’s properties increasingly dictate stability as length increases, a trend driven by enhanced load-sharing
across the flexible C layer. These plots thus underscore how chirality and wall order interplay with geometry to govern buckling
resistance, offering quantitative insights into nanoscale mechanics.
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armchair and zigzag SiC as inner wall, the inner radii are considered as 3.41 A and 7.39 A, respectively. The associated radii of CNT as inner wall are
3.39 Aand 7.44 A,
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Fig. 10. Effect of the chirality on the buckling force of the SiC-C and C-SiC concentric DWNTs, (a) for arrangements with armchair and zigzag SiC as
inner wall, the inner radii are considered as 3.41 A and 3.45 A, respectively. The associated radii of CNT as inner wall are 3.39 A and 3.52 A, (b) for
arrangements with armchair and zigzag SiC as inner wall, the inner radii are considered as 7.67 A and 7.39 A, respectively. The associated radii of

CNT as inner wall are 7.46 A and 7.44 A.

Figure 9 examines the influence of chirality on the critical buckling forces of concentric silicon carbide (SiC-SiC) and carbon (C-
C) double-walled nanotubes (DWNTSs) under axial compression, plotting these forces as a function of aspect ratio. The figure
contrasts armchair and zigzag configurations for both material combinations, revealing how atomic structure impacts mechanical
stability. Physically, the superior performance of zigzag DWNTs—exhibiting buckling forces higher than armchair DWNTs at aspect
ratios below 4—arises from the zigzag structure’s bond alignment, where Si-C (1.786 A) or C-C (1.421 A) bonds lie parallel to the
compressive load, enhancing resistance to axial deformation. In contrast, armchair DWNTs, with bonds oriented more
transversely, buckle earlier due to weaker opposition to the load direction. The graph likely shows that this chirality effect
diminishes at higher aspect ratios (> 4), where curves for armchair and zigzag converge (differences shrinking to < 5%), as the
overall geometry overshadows atomic-level contributions, and buckling becomes dominated by global bending modes.
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Figure 10 investigates the effect of chirality on the buckling behavior of concentric SiC-C and C-SiC double-walled nanotubes
(DWNTs) under axial compression, presented in two subfigures: (a) for smaller radii (armchair SiC: 3.41 A, zigzag SiC: 3.45 A;
armchair C: 3.39 A, zigzag C: 3.52 A) and (b) for larger radii (armchair SiC: 7.67 A, zigzag SiC: 7.39 A; armchair C: 7.46 A, zigzag C: 7.44
A). The critical buckling force is plotted against aspect ratio, highlighting chirality’s influence across different scales. Physically,
zigzag DWNTSs outperform armchair ones (< 4) due to their bond orientation—Si-C (1.786 A) or C-C (1.421 A) bonds aligned with the
load enhance axial rigidity. In (b), with larger radii, this gap is smaller, as increased diameter reduces the relative impact of atomic
structure, shifting stability toward geometric effects like wall curvature and inter-wall van der Waals forces. The figure also shows
SiC-C DWNTs slightly outperforming SiC-C at higher aspect ratios in (b), likely due to the outer C layer’s flexibility distributing
stress more effectively than a stiffer SiC outer layer (elastic modulus ~465 GPa [4] versus ~1 TPa for C). Convergence of armchair
and zigzag curves beyond aspect ratio 4 in both subfigures (differences < 5%) indicates that length dominates over chirality at larger
scales, offering a quantitative view of how size and structure interplay in nanoscale mechanics.

Figure 11 explores the impact of nanotube radius on the critical buckling forces of concentric SiC-SiC and C-C double-walled
nanotubes (DWNTs) under axial compression, with subfigure (a) addressing armchair configurations and subfigure (b) focusing on
zigzag configurations. The buckling force is graphed against aspect ratio for DWNTs with varying inner radii, revealing how radial
size influences stability. It is observed that for both of the armchair and zigzag nanotubes, at smaller aspect ratios, the buckling
forces of the C-C and SiC-SiC nanotubes are close to each other. However, for larger aspect ratios, the buckling force of the C-C
nanotubes are larger than those of SiC-SiC nanotubes. Notably, at smaller aspect ratios (L/D < 4), nanotubes with smaller radii
exhibit significantly larger buckling forces, with differences reaching up to 15-20% depending on the configuration. This radius-
dependent enhancement in buckling resistance at low aspect ratios can be attributed to the increased curvature-induced stiffening
effect and higher surface-to-volume ratios in smaller diameter nanotubes. However, this radius effect diminishes progressively
with increasing aspect ratio, as evidenced by the convergence of curves for aspect ratios larger than 5, where geometric length
effects begin to dominate over radial influences.

Figure 12 assesses the influence of radius on the critical buckling forces of armchair SiC-C and C-SiC double-walled nanotubes
(DWNTs) under axial compression, plotting these forces against aspect ratio for varying inner radii. The figure examines how radial
dimensions affect the stability of these heterogeneous DWNTSs, complementing the finite element (FE) analysis. Here, the types of
the inner and outer nanotubes are different. Consistent with the trends observed in Fig. 9, the radius effect on buckling force
becomes less pronounced at higher aspect ratios (L/D > 4) for heterogeneous SiC-C and C-SiC DWNTs, with differences between
various radii typically within 5-10% of each other. The buckling forces of C-SiC and SiC-C arrangements show remarkable similarity
across most aspect ratios tested, with variations generally less than 8%. This suggests that for heterogeneous double-walled
nanotubes with mixed C/SiC compositions, the specific radial arrangement (i.e., which material forms the inner versus outer wall)

has a relatively minor influence on overall buckling resistance, particularly at moderate to high aspect ratios where global buckling
modes predominate over local wall-specific effects.
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Fig. 13. Comparing the buckling force of the SiC-C-SiC, C-SiC-C, SiC-SiC-SiC and C-C-C (a) armchair and (b) zigzag concentric TWNTSs, (For
arrangements with armchair SiC and C as inner wall, the inner radii are considered as 3.41 A and 3.39 A, respectively. The associated radii of zigzag
SiC and C as inner wall are 7.39 A and 7.44 A).
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Figure 13 compares the critical buckling forces of concentric silicon carbide (SiC) and carbon (C) triple-walled nanotubes
(TWNTs) with varying wall orders—SiC-C-SiC, C-SiC-C, SiC-SiC-SiC, and C-C-C—under axial compression, presented for (a)
armchair and (b) zigzag configurations. The plots reveal that for small aspect ratios (< 4), the buckling forces of all TWNTs are
nearly identical, indicating minimal influence of wall order at shorter lengths. However, for larger aspect ratios (> 4), the stability
diverges significantly, with fully carbon-based C-C-C TWNTs exhibiting the highest buckling resistance, followed by C-SiC-C and
SiC-C-SiC, while fully SiC-based SiC-SiC-SiC structures show the lowest stability. This trend underscores the superior mechanical
performance of carbon walls under compressive loads, attributed to their higher elastic modulus (~1 TPa) compared to SiC (~465-
540 GPa).

Figure 14 examines the influence of chirality on the buckling behavior of concentric triple-walled nanotubes (TWNTs),
comparing armchair and zigzag configurations for SiC-SiC-SiC and C-C-C structures under axial compression. The results
demonstrate that zigzag TWNTs exhibit significantly higher critical buckling forces than their armchair counterparts at low aspect
ratios, a trend attributed to the alignment of atomic bonds (Si-C or C-C) parallel to the compressive load, enhancing axial stiffness.
This effect is more pronounced in TWNTs than in double-walled nanotubes (Fig. 9), suggesting that additional walls amplify
chirality-dependent stability. However, as the aspect ratio increases beyond ~4, the difference between armchair and zigzag

configurations diminishes, indicating that geometric factors (e.g., length-to-diameter ratio) eventually dominate over atomic
structure.
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Figure 15 compares the critical buckling forces of double-walled (DWNTs) and triple-walled silicon carbide nanotubes (TWNTSs)
under axial compression for (a) armchair and (b) zigzag configurations, with inner radii of 3.41 A and 3.45 A, respectively. The
results demonstrate that TWNTs exhibit substantially higher buckling resistance than DWNTs across all aspect ratios, with forces
approximately twice as large at an aspect ratio of 10 (Fig. 15(b)). This enhanced stability arises from the additional carbon or SiC
wall in TWNTs, which increases structural rigidity and redistributes compressive stresses more effectively. Notably, the advantage
of TWNTSs persists even at higher aspect ratios, unlike the convergence observed in DWNTs (Fig. 8), highlighting the long-term
benefits of multi-walled designs. The zigzag configuration (Fig. 15(b)) further amplifies this effect due to its bond alignment,
reinforcing the study’s conclusion that both wall number and chirality critically influence mechanical stability in nanostructures.
These findings provide quantitative support for the superior load-bearing capacity of TWNTs in high-stress applications.

Figure 16 directly compares the buckling resistance of double-walled (SiC-C DWNT) and triple-walled (SiC-C-SiC TWNT)
nanotubes under axial compression for (a) armchair and (b) zigzag configurations. The results demonstrate that the TWNT
structure provides approximately double the critical buckling force of DWNTs at an aspect ratio of 10, with this performance
advantage maintained across all tested aspect ratios. The enhanced stability of TWNTs stems from their additional intermediate
carbon wall, which improves load distribution and structural rigidity through increased van der Waals interactions and cross-
sectional reinforcement. Notably, the zigzag configuration (Fig. 16) shows greater absolute buckling forces than the armchair
structure (Fig. 16), consistent with the study's earlier findings on chirality effects. These results quantitatively confirm that adding
concentric walls significantly improves compressive stability, regardless of nanotube chirality, providing critical design insights for
engineering robust nanostructures in load-bearing applications. The persistent performance gap between DWNTs and TWNTs at
higher aspect ratios contrasts with the convergence observed in single-material nanotubes (Fig. 8), highlighting the unique stability
benefits of hybrid SiC-C layered systems.

Figure 17 illustrates the first ten buckling mode shapes of a zigzag silicon-carbon (SiC-C) double-walled nanotube (DWNT) with
an inner radius of 3.45 A and an aspect ratio (L/D,,) of 6 under axial compression. The sequential deformation patterns reveal
progressive instability, beginning with global bending in the first mode (n = 1) and evolving into higher-order wavelike distortions
(n = 2-10) as compressive load increases. The symmetric, sinusoidal deformations observed in initial modes reflect the DWNT's
structural response to Euler-type buckling, while later modes exhibit localized kinking and multi-nodal displacements, indicating
complex post-buckling behavior. These mode shapes demonstrate how the zigzag configuration's bond alignment (Si-C bonds
parallel to the loading axis) influences deformation pathways, with even-numbered modes typically showing antisymmetric
displacements. The absence of abrupt structural collapse in early modes confirms the enhanced stability imparted by the
concentric SiC-C wall interaction, consistent with the critical force trends shown in Figs. 8 to 10. This visualization provides crucial
mechanistic insight into nanoscale buckling phenomena, complementing the quantitative force analysis in the study.
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Fig. 16. Comparing the buckling force of the SiC-C DWNT and SiC-C-SiC TWNT: (a) armchair, radius of inner wall = 3.41 A and C-C,
(b) zigzag, radius of inner wall = 7.39 A.
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Figure 18 presents the first ten buckling mode shapes of a zigzag silicon-carbon-silicon (SiC-C-SiC) triple-walled nanotube
(TWNT) with an inner radius of 3.45 A and aspect ratio (L/D,,) of 6 under axial compression. The deformation patterns progress
from global bending (mode 1) to increasingly complex multi-nodal distortions (modes 2-10), demonstrating how the additional
intermediate carbon wall modifies buckling behavior compared to DWNTs (Fig. 17). The TWNT exhibits more distributed
deformation with higher wave numbers in later modes, reflecting enhanced structural stability from the three concentric walls and
their interlayer van der Waals interactions. Notably, the first buckling mode occurs at higher critical loads than in DWNTSs
(consistent with Fig. 16), while higher modes reveal constrained local deformations due to the restraining effect of the outer SiC
layer. These visualizations provide mechanistic evidence for the superior buckling resistance of TWNTs quantified elsewhere in
the study, showing how multi-walled architectures redistribute stress and delay instability through cooperative interlayer
interactions. The persistence of axisymmetric deformations in early modes particularly highlights the role of wall multiplicity in
maintaining structural integrity under compression.

To assess the practical relevance of the predicted critical buckling forces for battery electrode applications, it is essential to
compare these values with the stress ranges typically experienced by electrode materials during electrochemical cycling.
Experimental measurements reveal that electrode materials undergo significant mechanical stresses during operation, with silicon
anodes experiencing peak compressive stresses of 1.48 GPa to 3.1 GPa during lithiation [52, 53], while graphite-based electrodes
typically experience compressive stresses of 10-12 MPa during intercalation [54]. More significantly, carbon nanotube-based
electrodes have been shown to experience hoop and axial stresses up to 1.8 GPa and 1.1 GPa, respectively, during electrochemical
cycling [55]. The critical buckling forces predicted in this study for SiC/C hybrid nanotubes, ranging from approximately 0.5 to 2.5
GPa depending on configuration and aspect ratio, fall directly within the stress regime encountered in high-performance electrode
materials. This correspondence is particularly relevant for silicon-based anodes, where large volume expansions (up to 280%)
during lithiation create substantial compressive forces that must be accommodated by the electrode's nanostructural framework
[56]. The mechanical stability provided by optimized SiC/C hybrid configurations, as demonstrated through our buckling analysis,
therefore addresses a critical design requirement for next-generation battery electrodes where structural integrity under cyclic
mechanical loading is essential for long-term performance and capacity retention [57, 58].

5. Conclusions

This study employed a finite element approach to systematically analyze the buckling behavior of concentric silicon carbide
(SiC) and carbon (C) multi-walled nanotubes (MWNTSs) under axial compression. The key findings are summarized as follows:

- Chirality Effects: Zigzag nanotubes consistently exhibited higher critical buckling forces than their armchair counterparts,
particularly at low aspect ratios (< 4). This enhanced stability stems from the alignment of atomic bonds (Si-C or C-C)
parallel to the compressive load, which maximizes axial stiffness. This property is critical for battery electrodes, where
zigzag configurations could mitigate deformation during lithiation/delithiation cycles. The influence of chirality
diminished for aspect ratios > 4, where geometric factors dominated.

- Wall-Order Dependence: For double-walled nanotubes (DWNTSs), the outer wall governed buckling behavior, with SiC-SiC
and C-SiC configurations outperforming others at small aspect ratios. In triple-walled nanotubes (TWNTs), fully carbon-
based structures (C-C-C) demonstrated the highest buckling resistance, while fully SiC-based structures (SiC-SiC-SiC)
showed the lowest, underscoring carbon’s superior mechanical performance. These results suggest that C-C-C TWNTSs
are ideal candidates for electrode scaffolds, where mechanical integrity under repeated stress is paramount.

- Multi-Wall Advantage: TWNTs exhibited up to twice the buckling resistance of DWNTSs across all aspect ratios, attributed
to additional interlayer interactions and stress redistribution. This advantage persisted even at higher aspect ratios,
highlighting the structural benefits of multi-walled designs for load-bearing applications such as conductive frameworks
in high-capacity batteries.

- Radius and Geometry: Nanotube radius had negligible influence on buckling forces, while aspect ratio critically affected
stability. The convergence of buckling curves for different chiralities and wall orders at larger aspect ratios suggested a
transition to global buckling modes. This insight simplifies electrode design by reducing the need for precise radial control
while emphasizing length optimization.

- Our parametric analysis reveals that the relative importance of geometric and structural parameters is highly aspect-ratio
dependent. Radius effects are most significant at low aspect ratios (L/D < 4), where smaller radii can improve buckling
resistance by up to 20%. Conversely, wall arrangement effects in heterogeneous systems remain relatively minor (< 8%
variation) across all tested configurations, providing design flexibility. These findings emphasize the importance of
considering parameter interactions rather than isolated effects when optimizing MWNT designs for specific applications.

- The observed superior buckling resistance of triple-walled nanotubes, particularly those with carbon-rich outer layers,
carries significant practical implications for the design of next-generation battery electrodes. While increasing the number
of walls generally enhances mechanical stability, contributing to improved cycle life by mitigating structural degradation
during repeated lithiation/delithiation cycles, it is crucial to consider the trade-offs with electrochemical performance. A
higher wall count can potentially reduce the accessible specific surface area (SSA), which is vital for efficient electrolyte-
electrode interface reactions and ion transport. Therefore, an optimal design strategy involves balancing mechanical
robustness with electrochemical activity. For applications demanding high power density, a lower wall count might be
preferred to maximize SSA, whereas for long-term stability under extreme mechanical stress, a higher wall count could
be more beneficial. Furthermore, the choice of material for the outermost layers, favoring those with higher intrinsic
stiffness like carbon, is critical as these layers predominantly govern the buckling behavior. These considerations
underscore the need for a holistic approach to nanotube electrode design, integrating mechanical, electrochemical, and
structural parameters.

These results provide actionable guidelines for designing SiC/C hybrid nanostructures, emphasizing the synergistic roles of
chirality, wall number, and material composition in optimizing mechanical stability. For battery applications, the superior
performance of zigzag TWNTSs with carbon-rich walls (e.g., C-C-C) offers a pathway to develop electrodes resistant to mechanical
degradation during cycling. Future work could explore temperature effects, defects, and dynamic loading conditions to further
refine these insights for real-world energy storage systems, including the impact of electrochemical environments on nanotube
stability.
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6. Future Work

Several research directions could extend this work toward more realistic battery applications. Immediate extensions could
incorporate temperature-dependent elastic moduli and force constants into the current FE framework, extend the buckling analysis
to include cyclic loading conditions representative of battery operation, and study how structural defects such as vacancies and
substitutions affect buckling behavior under electrochemical conditions. Advanced multiphysics studies should develop coupled
models that consider lithium concentration gradients and their effect on local stress fields, investigate temperature-induced
thermal stress and its interaction with mechanical buckling, and study how repeated electrochemical cycling affects the
mechanical integrity of SiC/C nanostructures.

Experimental validation efforts should focus on developing protocols for measuring mechanical properties of nanotubes during
electrochemical cycling through in-situ mechanical testing, while combining atomistic simulations with continuum models to
bridge length scales from nanometer to electrode level through multi-scale characterization. For practical implementation, future
work should develop engineering design rules that account for both mechanical stability and electrochemical performance, and
employ multi-objective optimization to balance mechanical robustness with ionic conductivity and capacity. These extensions
would provide a more comprehensive understanding of SiC/C nanotube behavior in realistic battery environments and guide the
development of mechanically robust electrode materials that can withstand the harsh conditions of repeated electrochemical
cycling while maintaining structural integrity.
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