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Abstract: This comprehensive review examines the mechanochemistry and mechanical properties of carbon
nanotubes (CNTs) through integrated analysis of experimental and theoretical research. Experimen-
tal studies reveal exceptional mechanical characteristics including Young’s moduli up to 1.8 TPa,
tensile strengths exceeding 100 GPa, and unique deformation mechanisms like reversible buckling
and "sword-in-sheath” fracture. Theoretical frameworks establish structure-property relationships,
demonstrating how Stone-Wales defects, chirality, and functionalization govern mechanical behavior
at atomic scales. Cross-validation shows remarkable alignment between atomistic simulations and em-
pirical measurements, particularly for elastic moduli and defect-mediated failure. Modern approaches
employing irradiation-induced crosslinking and machine learning demonstrate significant enhance-
ments in load transfer efficiency and property prediction accuracy. Critical research gaps persist in
understanding chirality-specific fracture dynamics and scalable composite integration, while emerging
techniques combining machine learning with multiscale modeling offer promising pathways for pre-
dictive nanomaterial design. This synthesis provides fundamental insights for advancing CNT-based
applications in high-performance composites and nanoelectromechanical systems.
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I. Introduction

Mechanochemistry explores the interplay between mechanical forces and chemical transformations,
providing fundamental insights into material behavior at molecular and atomic scales [1]. This field ex-
amines how applied stress alters physical properties and triggers chemical reactions, which is critical for
understanding material stability, failure mechanisms, and functional performance under load. Compu-
tational techniques are indispensable for probing these phenomena, with methods like the Constrained
Geometries simulate External Force (CoGEF) approach allowing researchers to simulate the application of

stress and monitor ensuing changes in electronic structure and bond integrity [2, 3]. For instance, COGEF
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analyses have been effectively employed to study rupture forces and Young’s modulus in nanomaterials,
establishing a direct link between mechanical deformation and chemical response [1, 4]. In carbon nan-
otubes (CNTs)—archetypal nanoscale systems—mechanochemical principles govern critical phenomena
including defect formation, fracture initiation, and strain-induced property modulation, making their

understanding essential for advancing nanotechnology applications [1].

Structurally, carbon nanotubes (CNTs) are formed by rolling a single layer of graphene—a two-
dimensional honeycomb lattice of carbon atoms—into a seamless cylinder. This rolling process is defined
by a chiral vector C’; = naj + mas, where a] and a3 are the basis vectors of the graphene lattice, and
(n,m) are chiral indices. The magnitude and orientation of Cp, determine the CNT’s diameter and chi-
rality, classifying nanotubes into three types: armchair (n = m), zigzag (m = 0), and chiral (n # m)
[5] (see Figure 1). During rolling, curvature-induced rehybridization occurs as o and m orbitals deviate
from perpendicularity, creating a mixed sp2-sp® character that governs mechanical strength and elec-
tronic properties [5, 6]. This structural versatility enables applications ranging from quantum dots to

nanocomposites [5, 7], though chirality-dependent property variations pose synthesis challenges [8].

N

(a) Chiral vector C}, defined by indices (n,m) (b)Rolling of a graphene sheet
and basis vectors aj, a2 of graphene. to form an SWCNT.

Figure 1. Structural formation of single-walled carbon nanotubes (SWCNTs): (a) Chiral vector representation
and (b) Graphene sheet rolling mechanism [5].

Understanding CNT mechanochemistry requires multiscale approaches bridging quantum effects
at atomic interfaces to macroscopic composite performance. Experimental techniques such as *in situ*
transmission electron microscopy (TEM) and atomic force microscopy (AFM) nanomanipulation probe
deformation dynamics and failure mechanics [9]. Concurrently, theoretical and computational models,
from quantum mechanics to molecular dynamics, elucidate electronic structure rearrangements and defect
formation under mechanical loading [10]. The convergence of these approaches has revealed fundamental

relationships between topological defects, chirality, and mechanical failure that transcend traditional
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materials science paradigms [11].

This review synthesizes three decades of research, from the seminal discoveries of the 1990s to
cutting-edge computational and machine learning approaches published through 2024. We analyze ad-
vances from key experimental, theoretical, and computational studies to provide a comprehensive un-
derstanding of the mechanochemistry and mechanical properties of carbon nanotubes, highlighting both
the established consensus and the critical challenges that remain for future research. This review distin-
guishes itself by providing a critical cross-validation between experimental data and theoretical predic-
tions, synthesizing three decades of research to outline both the established consensus and the outstanding

challenges in CNT mechanochemistry.

II. Experimental Approaches

Table 1. Experimental measurements of diameter-dependent Young’s modulus in carbon nanotubes.

Study (Reference) Diameters Tested (nm) Young’s Modulus (TPa) Key Observation

Treacy et al. [16] 1.5, 2.5 3.70 £0.50, 1.80 £ 0.40 Higher stiffness in thinner
tubes due to fewer imperfec-
tions

Krishnan et al. [19] 1.2 1.25£0.20 Measurement from freestand-
ing SWCNT vibrations

Lourie & Wagner [20] 0.9 5.00 = 0.50 Very high modulus observed,
approaching theoretical limit
for SWCNTs

Poncharal et al. [18] 8.0, 40.0 1.00 + 0.10, 0.10 +0.05 Sharp decrease in modulus

with increasing diameter; tran-
sition to wave-like distortions

Early breakthroughs in CNT mechanics emerged from high-resolution microscopy studies. Iijima’s
seminal discovery of multi-walled carbon nanotubes (MWCNTS) revealed concentric graphene cylinders
with helical symmetry and diameters of 2.2-30 nm [12]. Iijima’s analysis showed spiral growth steps
suggesting a screw dislocation-like mechanism with interlayer spacing matching bulk graphite (0.34 nm).
These attributes position CNTs as transformative materials for applications ranging from high-strength
composites to nanoelectromechanical systems [13]. Thostenson et al. highlighted that CNTs have elastic
moduli exceeding 1 TPa and tensile strengths 10-100 times that of steel. Subsequent work by Iijima and
Ichihashi achieved single-walled CNT (SWCNT) synthesis via iron-catalyzed arc-discharge, demonstrating
diameters of 0.7-1.6 nm and exceptional aspect ratios >700 [14]. These SWCNTs exhibited high aspect
ratios (e.g., 700 nm length for 0.9 nm diameter) and elastic resilience, with straight tubes bridging 140
nm gaps. Parallel research by Bethune et al. produced cobalt-catalyzed SWCNTs with uniform ~1.2 nm
diameters, noting their rubbery mechanical behavior and network-forming capability [15]. Bethune et
al. observed nanotubes spanning large relative distances without fracturing, suggesting tensile strengths

~100 times that of steel and stiffness (~1 TPa elastic modulus).
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Quantification of mechanical properties accelerated through novel characterization methodologies.
Treacy et al. pioneered thermal vibration analysis in TEM, measuring Young’s moduli of 1.8-3.7 TPa in
MWCNTs—far exceeding conventional carbon fibers [16]. Thinner nanotubes exhibited higher stiffness
(up to 3.7 TPa) due to fewer structural imperfections. Wong et al. developed AFM-based nanomechan-
ical testing, revealing MWCNT elastic moduli of 1.28 TPa and unique elastic buckling behavior absent
in ceramic nanorods [17]. MWCNTs stored ~100 keV strain energy post-buckling—5-10 times more
than SiC nanorods. Concurrently, Falvo et al. demonstrated MWCNTS’ exceptional flexibility through
controlled bending experiments, observing reversible buckling at curvature radii matching tube diam-
eters and withstanding local strains up to 16% [9]. Reversible periodic buckling occurred at moderate

curvature with buckling wavelengths of ~68 nm.

The late 1990s witnessed systematic quantification of elastic properties. Poncharal et al. measured
diameter-dependent bending moduli (1-0.1 TPa) via electrostatic deflection, noting a transition from uni-
form elasticity to wavelike distortions at larger diameters [18]. The elastic bending modulus decreased
sharply from 1 TPa to 0.1 TPa as diameter increased from 8 to 40 nanometers. Krishnan et al. ana-
lyzed freestanding SWCNT vibrations, deriving average Young’s moduli of 1.25 TPa [19], while Lourie
and Wagner employed micro-Raman spectroscopy to estimate 1.8 TPa for MWCNTs and ~5 TPa for
SWCNTs [20]. Lourie and Wagner’s diameter-dependent Raman response showed SWCNTs exhibiting
Young’s modulus close to theoretical prediction of ~5 TPa. This diameter dependence is quantitatively

summarized in Table 1, which compiles experimental measurements from multiple studies [16, 18-21].
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Figure 2. Mechanical property enhancement via covalent functionalization. Data from Zhu et al. [29] shows
modulus improvements of 30-70% and strength gains of 25%.

Wagner et al. further examined stress transfer in polymer composites, revealing interfacial shear
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strengths ~500 MPa—tenfold higher than graphite composites [21]. Nanotube fragmentation occurred
at saturation lengths (I./Dy1 ~ 5-20) with tensile strength conservatively estimated at 50 GPa.

Tensile strength measurements advanced through innovative instrumentation. Yu et al. developed
a “nanostressing stage” showing MWCNT fracture strengths of 11-63 GPa via ”sword-in-sheath” failure
[22]—a mechanism where outer layers break first and pull out from the inner, intact core, much like a
sword being drawn from its sheath, due to weak interwall van der Waals bonding. The outermost layer
exhibited Young’s moduli ranging from 270 to 950 GPa, later confirmed by direct tensile tests on SWCN'T
ropes exhibiting strengths >45 GPa [23]. SWCNT ropes endured strains up to 5.8 £ 0.9% without plastic
deformation, corresponding to tensile strengths of at least 45 + 7 GPa. Li et al. measured macroscopic
SWCNT rope composites with tensile strengths of 3.6 GPa, inferring individual nanotube strengths up
to 22.2 GPa [24]. The SWCNT rope composites showed average tensile strength of 3.6 + 0.4 GPa, with
individual SWNTSs potentially reaching 22.2 + 2.2 GPa. As summarized in Figure 3, these studies [21—
24] consistently highlighted the detrimental effects of weak interwall /intertube bonding on load transfer

efficiency.
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Figure 3. Tensile strength ranges for CNT structures and composites. References: Yu et al. [22], Walters et al.
[23], Li et al. [24], Peng et al. [25], Yamamoto et al. [26].

Composite mechanics research revealed critical interfacial phenomena. Schadler et al. observed
asymmetric load transfer in epoxy composites, with compression moduli exceeding tension values due to
interlayer slippage [27]. Compression modulus reached 4.5 GPa versus 3.71 GPa in tension, with Raman

shifts showing 7 cm~!/strain% in compression but minimal changes in tension. Ajayan et al. demon-
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strated poor stress transfer in SWCNT-polymer systems attributed to nanotube sliding within bundles
[28]. Estimated interfacial shear stresses of 6-75 MPa made slippage easier than fracture. Functional-
ization strategies emerged as solutions, with Zhu et al. showing 30-70% modulus improvements through
covalent SWCNT-epoxy integration [29]. Quantified in Figure 2, covalently functionalized SWNTs showed
significant property enhancements with Young’s modulus increasing by 30-70% and tensile strength by

25% at 1-4 wt.% loading, with strain-to-failure reaching 8.5%.

Table 2. Experimental measurements of mechanical properties of carbon nanotubes.

Study Technique Young’s Modulus TensileStrength (GPa) Key Observations
(TPa)

Treacy et al. [16] TEM thermal vibration 1.8-3.7 - Exceptionally high modulus in MWC-
NTs; Thinner nanotubes showed
higher stiffness (up to 3.7 TPa)

Wong et al. [17] AFM nanomechanics 1.28 - Elastic buckling, flexible response;
Stored ~100 keV strain energy post-
buckling

Falvo et al. [9] AFM bending - - Reversible buckling at tube-scale cur-
vature; Withstood local strains up to
16%

Krishnan et al. [19] TEM vibration 1.25 - Freestanding SWCNTSs analyzed; Val-
ues showed spread due to magnifica-
tion errors

Lourie and Wagner [20] Micro-Raman spec- ~1.8 - Very high modulus observed; SWC-
troscopy (MWCNT)~5 NTs approached theoretical 5 TPa
(SWCNT)
Yu et al. [22] Nanostressing stage - 11-63 “Sword-in-sheath” fracture in MWC-
(TEM) NTs; Outer layer modulus: 270-950
GPa
Walters et al. [23] Direct tensile test - >45 (£7) High tensile strength of rope struc-
(SWCNT ropes) tures; Elastic strain up to 5.8 + 0.9%
Li et al. [24] Tensile test on macroscopic — 3.6 (macroscopic), up Infer strength from rope to individual
ropes to 22.2 (individual CNTs; Rope strength: 3.6 + 0.4 GPa
tubes)
Peng et al. [25] MEMS-based tensile test- >100 Near-theoretical strength, 11.6x en-
ing hanced via crosslinking; Fracture
strength >100 GPa
Yamamoto et al. [26] Tensile test on acid-treated - Reduced by 70% Defect-induced stress concentration;
MWCNT Mean strength: 6 GPa vs 20 GPa pris-
tine
Shirasu et al. [31] Individual MWCNT ten- - 10.8 Nominal strength important for com-
sile test posite design; Mean nominal strength:

10.8 £+ 6.9 GPa

Transition: While experimental approaches quantify macroscopic responses, theoretical frameworks
provide atomic-scale insights into mechanochemical phenomena.

Modern studies employ sophisticated in situ techniques. Peng et al. measured near-theoretical
strengths (>100 GPa) using MEMS-based testing and demonstrated 11.6-fold strength enhancements via
irradiation-induced crosslinking [25]. Fracture strengths exceeded 100 GPa (~80% of theoretical) with
failure strains near theoretical values, while irradiation reduced modulus to 590-840 GPa. Yamamoto et
al. quantified defect effects, showing acid-treated MWCNTs suffered 70% strength reduction due to stress
concentration at channel defects [26]. Pristine MWCNTSs showed tensile strengths of 2-48 GPa (mean

20 GPa) versus 1-18 GPa (mean 6 GPa) for acid-treated tubes. Later work by the same group analyzed
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fracture in alumina composites, observing ”sword-in-sheath” failure under tensile loads [30]. MWCNTSs

1/2 Shirasu et al.

sustained loads up to 19.7 uN before failure, with fracture toughness of 4.74 MPa-m
established nominal tensile strength as a critical composite design parameter, reporting values of 10.8
GPa in individual MWCNTs [31]. Tested MWCNTSs exhibited fracture strength of 13.9 + 9.6 GPa and

nominal tensile strength of 10.8 &+ 6.9 GPa with failure strains averaging 6.8%.

Key experimental studies and their measured mechanical properties are summarized in Table 2.

III. Theoretical and Computational Approaches

Theoretical foundations for CNT mechanochemistry were established through topological analysis
of carbon structures. Stone and Wales demonstrated that pentagon-heptagon defect pairs (Stone-Wales
transformations) introduce localized strain and reduce mechanical stability [11]. Stone-Wales transforma-
tions create pentagon-heptagon pairs that introduce strain and electronic localization, causing significant
mechanical degradation. Robertson et al. derived radius-dependent strain energies showing nanotubes’
superiority over fullerenes for structural applications, with axial elastic constants softening with de-
creasing radius [32]. Nanotubes exhibited significantly lower strain energy than fullerene clusters due to
one-dimensional curvature. Overney et al. employed Keating potentials to predict CNT rigidity orders of
magnitude higher than metallic beams [33]. Bending force constants remained significantly higher than

Iridium beams of similar dimensions.

Computational nanomechanics matured with molecular dynamics (MD) frameworks. Yakobson et
al. combined MD simulations with continuum shell theory (Y = 5.5 TPa, v = 0.19, h = 0.066 nm)
to predict buckling transitions and chirality-dependent post-buckling patterns [34]. Armchair (7,7) and
zigzag (13,0) nanotubes showed reversible morphological transitions at critical strains, with buckling at
€. = 0.077 nm/diameter. Lu established chirality-insensitive elastic properties through force-constant
models, showing Young’s moduli ~1 TPa across (n,m) indices [35]. (5,5) armchair and (10,0) zigzag
tubes both showed elastic constants C1; = 0.397 — 0.399 TPa and C33 = 1.054 — 1.058 TPa. Sanchez-
Portal et al. confirmed this via DFT calculations, noting deviations only below 0.5 nm radii due to
curvature effects [36]. Young’s modulus ( 1 TPa) and Poisson ratio (0.12-0.19) matched graphite, with

minimal radius dependence.

Defect-mediated mechanics became a focal point. Nardelli et al. revealed Stone-Wales defects as
strain-relief mechanisms in armchair CNTs at ~5% strain, with dislocation nucleation initiating plasticity
[37]. Stone-Wales defects formed at critical strains of 5% in (5,5) and (10,10) nanotubes, reducing
system energy under strain. Troya compared quantum mechanical (QM) and empirical potential fracture
predictions, showing QM methods correctly identified pentagon-pentagon bonds as high-strength sites
[10]. QM predicted Young’s moduli of 1.16-1.40 TPa and failure strains of 21-28% for (5,5) tubes. Shen
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derived closed-form elasticity solutions showing size-dependent moduli scaling as 1/R for SWCNTs [38].

Longitudinal Young’s modulus (£;;) and shear modulus (G12) scaled inversely with tube diameter.

2.12 + 0.45

Young's Modulus (TPa)

1.49 = 0.03

1.28 + 0.12

1.08 = 0.01

DFT CPMD MD QM
(3.3} (3.3) (3.3) (5.5) Shell Model

Continuum

Figure 4. Computational method comparison showing DFT overprediction (Zang: 2.12 TPa) and Tiwari’s DFT
result (1.21 TPa) aligning with experimental range (gray band). Data sources: Zang et al. [45] for
DFT/CPMD/MD; Troya et al. [10] for QM; Tiwari et al. [1]; Yakobson et al. [34] for continuum
model.

Multiscale modeling bridged atomic and continuum descriptions. Li and Chou developed structural
mechanics models equating covalent bonds to beam elements, predicting diameter-dependent Young’s
moduli converging to ~1 TPa [39]. Young’s moduli increased with diameter, converging to graphite’s
value (1 TPa), with zigzag tubes stiffer for diameters >0.7 nm. Chang and Gao established analytical
expressions showing armchair CNTs are stiffer than zigzag counterparts at small diameters [40]. Young’s
modulus decreased with smaller diameters, approaching 1.06 TPa for larger tubes, with armchair CNTs
slightly stiffer than zigzag. Natsuki et al. combined truss models with MD validation, predicting higher
fracture strains in armchair tubes [41]. Elastic modulus increased with decreasing diameter (1.1-0.73
TPa for SWNTs), with zigzag tubes fracturing at lower strains.

Functionalization and defect engineering emerged as design strategies. Chandra et al. showed hy-
drocarbon functionalization increased stiffness by 30% but reduced failure strains [42]. Stone-Wales de-
fects reduced local stiffness by 40% (from 1.002 TPa to 0.621 TPain (9,0) tubes). Xiaet al. demonstrated
that sp® interwall bridging increased MWCNT shear modulus to 880 GPa and buckling resistance [43].
Shear modulus scaled linearly with sp® bond fraction, reaching 880 GPa at maximum bonding. Byrne et
al. proved optimally crosslinked MWCNTs could surpass SWCNT strength, with fracture mode transi-
tions from ”sword-and-sheath” to planar failure [44]. MWCNTs with 2.5% sp® bonding exhibited higher
strength than SWCNTs for defects >1 nm, with weaker scaling exponent (5 = 0.14 vs. 0.4).

Modern approaches leverage machine learning and high-fidelity simulations. Zang et al. compared
computational methods, showing DFT yields the highest modulus (2.12 TPa) while classical MD un-
derpredicts values [45]. For (3,3) SWCNTs, DFT gave 2.12 £+ 0.45 TPa, CPMD 1.49 + 0.03 TPa, and
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MD 1.08 £ 0.01 TPa. The continuum shell model provides a theoretical parameterization at 5.5 TPa
without statistical uncertainty [34]. Figure 4 compares computational methods, showing DFT overpredic-
tion and MD underprediction relative to experiments [45]. This method-dependent variation (Figure 4)

demonstrates how computational approaches significantly influence modulus predictions.

Table 3. Theoretical and computational predictions of CNT mechanical properties.

Study Method Young’s  Failure Key Predictions
Modulus  Strain (%)
(TPa)
Yakobson et al. [34] MD + continuum shell 5.5 - Buckling at e, = 0.077
nm/diameter
Lu [35] Force-constant model ~1.0 - Chirality-insensitive elas-
ticity (Cll ~ 0.4 TPa)
Troya et al. [10] Quantum mechanics 1.16-1.40 21-28 Pentagon bonds as high-
strength sites
Zang et al. [45] DFT/MD comparison 2.124+0.45 - DFT overpredicts, MD
(DFT), underpredicts modulus
1.08+0.01
(MD)
Tiwari et al. [1] DFT 1.21 - Strain-induced = metallic
transition (HOMO-
LUMO gap: 0.089 eV)
Chandra et al. [42] MD simulations 1.002 — - 40% stiffness reduction
0.621* from Stone-Wales defects
Xia et al. [43] MD simulations = - sp® bonding increases
shear modulus to 880
GPa

*For (9,0) tube with defects

Transition: The convergence of theoretical predictions and experimental measurements provides ro-
bust validation of fundamental mechanochemical principles.

Chen and Tang reviewed ML applications predicting CNT properties with >91% accuracy and
optimizing synthesis parameters [46]. ML models predicted stiffness and buckling behavior of CNT forests
with >91% accuracy using simulation/experimental data. Tiwari et al. employed DFT mechanochemical
simulations showing strain-induced metallic transitions in (3,3) SWCNTSs at rupture [1]. The calculated
Young’s modulus (V') was 1.21 TPa with a rupture force of 38.862 nN. The HOMO-LUMO gap decreased
to 0.089 eV at rupture, confirming a metallic transition.

Key theoretical and computational studies and their measured mechanical properties are summa-
rized in Table 3.

The progression of theoretical approaches—from quantum mechanics to molecular dynamics to
continuum models—illustrates a multi-scale strategy for understanding CNT mechanochemistry. Each
method informs the others in a complementary hierarchy: QM/DFT provides the fundamental, high-
fidelity physics of bond rupture and electronic transitions but is confined to small scales. Classical MD
simulations scale these insights to model defect dynamics and fracture in larger systems over longer

timescales, though their accuracy is bound by the empirical potentials. Finally, continuum mechanics
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incorporates the properties derived from MD and QM (e.g., elastic constants, strength) to predict the
behavior of CNT's and composites at the macroscopic level. The ongoing challenge in the field is to bridge
these scales seamlessly without losing critical atomic-scale information, thereby creating predictive models

that can truly inform the design of next-generation CNT-based materials from the atom up.

IV. Cross-validation

Significant alignment exists between theoretical and experimental findings regarding the elastic
properties of CNTs, though the reported values exhibit a considerable range from 0.1 TPa to 5.5 TPa.
This variation is not merely experimental scatter but originates from fundamental differences in method-
ology, structure, and theoretical idealism. Experimentally, techniques like TEM thermal vibration [16]
may overestimate stiffness due to dynamic clamping effects, while AFM-based bending [18] is sensitive
to substrate interactions, especially for larger diameters. The exceptionally high values from early Ra-
man studies [20, 21] are now often attributed to model calibration challenges. Conversely, measurements
from freestanding SWCNT vibrations (Krishnan et al., 1.25 TPa [19]) and direct tensile tests provide
data that consistently converges towards the theoretical in-plane modulus of graphene. Theoretically,
predictions are more consistent, with most atomistic simulations [1, 35, 36] converging near 1 TPa, close
to graphite’s in-plane modulus. The notable outlier is the continuum shell model by Yakobson et al.
[34], which predicts an ideal, defect-free modulus of 5.5 TPa. This value is derived by treating the CNT
wall as a continuous solid with a thickness equal to the graphite interlayer spacing (h = 0.066 nm)—an
assumption that provides a foundational upper bound for buckling phenomena but diverges from empir-
ical findings by neglecting the discrete atomic structure and inherent instabilities of an atomically thin
membrane. Therefore, the convergence of modern experimental measurements and sophisticated simula-
tions around 1 TPa represents a consensus on the practical stiffness of synthesized CNTs. For instance,
Treacy’s experimental measurement of up to 1.8 TPa [16] closely matches Lu’s theoretical prediction of

1 TPa [35] and Tiwari et al.’s DFT-predicted modulus of 1.21 TPa for (3,3) armchair CNTs [1].

Fracture mechanisms show consistent theoretical-experimental correspondence. Yu’s observation of
”sword-in-sheath” failure [22] is explained by weak interlayer van der Waals interactions in Nardelli’s
dislocation dynamics model [37]. Nardelli’s MD simulations showed Stone-Wales defects forming at ~5%
strain in armchair tubes. The 70% strength reduction in acid-treated nanotubes observed by Yamamoto
et al. [26] quantitatively matches Chandra’s prediction of ~40% stiffness loss from Stone-Wales defects
[42]. Chandra’s MD simulations showed defects reducing stiffness from 1.002 TPa to 0.621 TPa in (9,0)
tubes. Peng’s measurement of >100 GPa tensile strengths [25] approaches theoretical limits for defect-
free tubes predicted by Troya’s QM simulations [10]. Troya’s QM methods predicted failure strains of
21-28% and Young’s moduli of 1.16-1.40 TPa.
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Functionalization strategies demonstrate complementary validation. Zhu’s experimental 70% mod-
ulus enhancement in covalently functionalized epoxy [29] confirms Li’s MD predictions of 30% stiffness
increases from functionalization [39]. Li’s structural mechanics models showed functionalization increas-
ing stiffness by 30% in smaller-diameter tubes. The irradiation-induced strength improvements measured
by Peng et al. [25] quantitatively match Xia’s MD simulations showing 11-fold pullout force increases
from sp? bonding [43]. Xia’s simulations showed interwall shear modulus reaching 880 GPa and 10-fold
pullout force increase at 0.5% sp® bonding. These validated effects of defects and functionalization are

systematically summarized in Table 4 and visually compared in Figure 5.

Table 4. Effects of defects and functionalization on mechanical properties.

Modification Modulus Strength Key Study
Change Change

Stone-Wales defects 140% $20-40% Chandra [42]

Covalent functionaliza- |130-70% 125% Zhu [29] (exp), Li [39]

tion (MD)

Irradiation crosslinking |]590-840 T11.6x Peng [25] (exp), Xia [43]
GPa (MD)

Acid treatment - 170% Yamamoto [26] (exp)

@ Modulus Change

1200% 7 oy Strength Change

F11.6x
1000% -
Factor Conversion:
Percentage = (Factor - 1) x 100%
11.6x = (11.6 - 1) x 100% = 1060%
800% -
z
g g
Q v
o
£ s
5 600% g
(8] -
o Exceptional Strength Gain: 11.6x Improvement f';
g-; (Peng et al., 2008) K]
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Figure 5. Comparative effects of defects/functionalization: Stone-Wales defects reduce modulus (}40%) and
strength (120-40%) [42]; covalent functionalization enhances modulus (130-70%) and strength (125%)
[29]; irradiation crosslinking achieves exceptional strength gain ($1060% = 11.6x) despite modulus
reduction [25]; acid treatment causes severe strength degradation ({70%) [26]. Blue: modulus changes;
orange: strength changes; right axis: multiplication factors; baseline: pristine modulus ~1 TPa.
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Despite the strong agreement on many fronts, discrepancies persist in chirality effects: While Lu’s
force-constant models [35] and Sanchez-Portal’s DFT calculations [36] predict minimal chirality depen-
dence for elastic properties, Chang’s molecular mechanics model [40] and Natsuki’s truss analysis [41]
suggest higher stiffness in armchair tubes. Chang’s model showed armchair CNTs being stiffer at small
diameters, while Natsuki found zigzag tubes fractured at lower strains. Experimental validation remains

limited due to challenges in isolating chirality-specific responses.

V. Conclusion and Outlook

This review synthesizes three decades of research on CNT mechanochemistry, revealing fundamental
insights into structure-property relationships. Key findings include: (1) Exceptional elastic properties (1-
1.8 TPa Young’s modulus, (Table 1 &Table 2) originate from seamless graphene lattices, validated across
experimental and theoretical approaches, including DFT predictions of 1.21 TPa for (3,3) armchair CNTs
[1];(2) Fracture mechanisms transition from ”sword-in-sheath” failure (Figure 3) to crosslinked planar
fracture [25, 44] with increasing interwall bonding; (3) Defects reduce strength (Table 4 and Figure 5 ) by
40-70% but enable tailored functionalization; (4) Covalent integration enhances composite load transfer

by >10-fold.

Emerging trends focus on predictive design and multifunctional composites: (1) Machine learning
drives property prediction and synthesis optimization, with models achieving >91% accuracy and guiding
efficient experimental design to achieve specific CNT characteristics in fewer than 50 tests [46]; (2)
Irradiation engineering creates spatially controlled crosslinking for enhanced load transfer, with techniques
like electron beam patterning enabling the design of composites with tailored anisotropic strength and
functional gradients [25, 44]; (3) Multi-scale models integrating DFT, MD, and continuum mechanics
bridge quantum effects to macroscopic responses, though a key challenge remains developing robust

frameworks to seamlessly pass atomic-scale information across these domains [45].

Critical challenges remain: (1) Chirality-specific fracture dynamics require advanced in situ char-
acterization; this is critically hindered by the experimental difficulty of isolating and testing individual
chiralities, as current synthesis yields heterogeneous mixtures, creating a fundamental bottleneck for
validating theoretical models [35, 36, 40, 41]; (2) Scalable composite integration demands improved in-
terfacial engineering; the primary bottlenecks are weak van der Waals bonding, nanotube agglomeration,
and smooth CNT surfaces, which necessitate specific solutions like covalent functionalization schemes
that preserve the sp? network, advanced non-covalent wrapping, and bio-inspired hierarchical designs
for mechanical interlocking [29, 39]; (3) Environmental impacts on long-term mechanochemical stability
need assessment; research must shift from studying pristine properties to conducting accelerated aging

studies under combined mechanical and environmental stress to understand interface degradation mech-
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anisms; (4) Standardization of testing protocols for nanoscale properties is essential; the significant data
variability stems from a lack of standardized methods, demanding community-wide best practices for
sample preparation, calibration, and data analysis across techniques (AFM, TEM, MEMS) to ensure
reproducibility.

Despite significant advances in CNT characterization, chirality-specific mechanical behavior remains
poorly understood due to the experimental difficulty of isolating and testing individual chiralities. Theo-
retical models diverge in predicting whether armchair or zigzag configurations exhibit higher stiffness or
fracture thresholds at small diameters. For instance, while some simulations suggest armchair CNTs ex-
hibit greater stiffness and strain tolerance, others report minimal chirality dependence under axial stress.
Experimental validation is scarce because current synthesis and sorting techniques rarely yield chirally
pure samples in sufficient quantities. This lack of chirality-resolved mechanical data represents a critical
bottleneck in designing CNT-based composites with tailored anisotropic performance.

Future research should prioritize four directions: (1) In operando microscopy correlating atomic re-
arrangement with mechanical function; (2) Machine-learning potentials for high-accuracy large-scale MD;
(3) Biomimetic designs leveraging hierarchical CNT architectures; (4) Sustainable lifecycle management
for CNT composites. The convergence of mechanochemistry, computational modeling, and intelligent de-
sign promises transformative advances in nanotechnology, with the foundational knowledge gained from

CNTs paving the way for the rational design of next-generation materials.
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