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1. Introduction  
Since its isolation, monolayer graphene has attracted intense interest owing to its exceptional mechanical 

strength, high electrical conductivity, and large specific surface area, which make it a foundational material 
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Abstract: Amorphous graphene (a-graphene) a 2D carbon network with 

short-range order but no long-range periodicity holds promise for flexible 

electronics and nanocoatings, yet its rate-dependent mechanics remain 

unclear. Reactive molecular dynamics (MD) simulations using the ReaxFF 

potential investigated the tensile deformation and fracture of monolayer 

a-graphene at 300 K. The stress–strain behavior exhibits linear elasticity, 

non-linear yielding, and abrupt fracture. At a baseline strain rate of ε̇ ≈ 10⁹ 

s⁻¹, the effective Young’s modulus is 345.2 GPa (~1/3 of pristine graphene) 

due to topological disorder and non-hexagonal (5-7-8) ring defects. 

Increasing the strain rate 2.5-fold to ε̇ ≈ 2.5 × 10⁹ s⁻¹ elevates the ultimate 

tensile strength from 138.2 to 158.0 GPa and fracture strain from 0.0933 

to 0.1158. Failure initiates via stress concentration at under-coordinated 

defects, leading to micro-void nucleation, coalescence, and brittle cleavage. 

This rate sensitivity stems from competition between loading rate and 

thermal relaxation of strained C–C bonds. 
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for nanoelectronics, supercapacitors, and structural nanocomposites [1–16]. Pristine crystalline graphene 

combines an intrinsic Young’s modulus of about 1 TPa with a tensile strength of about 130 GPa [8, 17, 18]; 

however, producing defect-free, large-area sheets remains challenging [19–21]. Real graphene samples 

therefore inevitably contain point defects, grain boundaries, and disordered regions. In the limit of 

complete disorder, two-dimensional amorphous graphene (a-graphene) a carbon monolayer with short-

range atomic order but no long-range translational symmetry emerges as a distinct class of carbon 

nanomaterials [22-24]. Topological defects predominantly non-hexagonal rings, such as clusters of five-, 

seven-, and eight-membered rings perturb the local bonding environment and stress distribution and 

thereby alter the mechanical performance of a-graphene relative to its crystalline counterpart [24–28]. 

Previous computational studies have examined the elastic properties of graphene-derived structures [17, 

18, 29–33,] and their surface functionalization behavior. Nevertheless, the deformation regimes and the 

strain-rate sensitivity of single-layer a-graphene remain insufficiently understood, particularly when bond 

breaking and bond formation are described by a reactive force field. Such knowledge is essential for 

understanding how rapid, high-rate loading affects failure criteria, atomic-scale cleavage, and energy 

redistribution, and hence for designing resilient flexible electronics and protective coatings [34–36]. 

Furthermore, in recent years, members of the research team have successfully investigated the factors 

influencing the mechanical properties of nickel materials [37] and epoxy thin films [38]. The results 

indicate that these factors have a significant impact on the mechanical properties. Reactive molecular 

dynamics (MD) is well suited to this problem because, unlike fixed-topology empirical potentials, the 

ReaxFF potential allows bonds to form and break dynamically and therefore describes the fracture process 

naturally. In this work, ReaxFF-based MD simulations are conducted to systematically investigate the 

uniaxial tensile response of monolayer a-graphene and, in particular, its dependence on the strain rate. The 

specific objectives are (i) to determine the effective Young’s modulus, ultimate tensile strength, and 

fracture strain and to compare them with those of pristine graphene; (ii) to identify the characteristic 

deformation states and the atomic-scale mechanisms of void nucleation and crack propagation; and (iii) to 

clarify how the loading rate governs the strength and extensibility of the amorphous network. The 

remainder of the paper is organized as follows: Section 2 describes the computational methodology, 

Section 3 presents and discusses the results, and Section 4 summarizes the main conclusions. 

2. Computational methodology 
2.1. Simulation model 

The monolayer a-graphene sheet consisted of N 1600  carbon atoms placed in a rectangular simulation 

cell with dimensions of xL 65.2Å  and yL 64.8Å  along the in-plane directions. A vacuum spacing of 

20Å  was imposed along the perpendicular z -axis to eliminate artificial inter-layer interactions between 

periodic images. The two-dimensional amorphous network was generated using a melt-quench protocol 

via molecular dynamics simulations, wherein a pristine crystalline graphene lattice was initially melted at 

4500 K  and subsequently quenched to 300 K  at a controlled cooling rate of 10 K/ps . The structural 
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topology of the resulting network was characterized by ring statistics, comprising 12.5%  pentagons (5-

membered), 68.4%  hexagons (6-membered), 14.2%  heptagons (7-membered), and 4.9%  octagons (8-

membered). The short-range disorder and lack of long-range periodicity were further confirmed by the 

radial distribution function (RDF, g(r) ). 

An effective sheet thickness of 3.4 Å was assumed to convert the atomic-level stresses into volumetric 

stress values. Periodic boundary conditions were imposed along all three orthogonal directions (x, y, and 

z). 

2.2. Interatomic potential 

All simulations were performed with the Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) package. Atomic interactions within the amorphous carbon network were described by the 

ReaxFF reactive force field [1, 39], using the parameter set developed [40] for carbon condensed phases 

(specifically ffield.reax.cho / C-2015), in which bond orders are computed dynamically from interatomic 

distances so that bonds can break and form during deformation. The total potential energy of the system, 

Esystem, is expressed as the sum of partial energy contributions: 

 Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + EVDW + ECoulomb (1) 

where Ebond, Eover, Eunder, Eval, Epen, Etors, EVDW, and ECoulomb denote the bond energy, the over-coordination 

penalty, the under-coordination stability term, the valence-angle energy, the penalty energy, the torsion 

energy, the non-bonded van der Waals energy, and the Coulomb (electrostatic) energy, respectively [39]. 

2.3. Equilibration and tensile loading 

Prior to mechanical loading, the initial configuration was relaxed for 100 ps in the isothermal–isobaric 

(NPT) ensemble at T 300 K  and P 0 GPa  using a Nosé–Hoover thermostat–barostat to eliminate 

residual stresses. Uniaxial tensile loading was then applied along the x -axis in the NPT ensemble at 

T 300 K , where a constant strain rate was imposed along the loading direction while the lateral stress 

along the y -axis was coupled to a Nosé–Hoover barostat set at yP 0 GPa  to maintain a stress-free 

lateral boundary condition (allowing lateral Poisson contraction).  
Table 1. Integration time steps and the corresponding effective strain rates. Values other than the two limiting 

cases are derived assuming a constant strain increment per step. 

Case h (fs) Relative strain rate ε̇ (109 s−1) 

h4 2.5 1.00 ≈ 1.00 

h3 2.0 1.25 ≈ 1.25 

h2 1.5 1.67 ≈ 1.67 

h1 1.0 2.50 ≈ 2.50 

 

To examine the strain-rate sensitivity while maintaining numerical stability, four integration time steps, h 

= 2.5, 2.0, 1.5, and 1.0 fs, were used with a constant strain increment Δε applied at every step, so that the 
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effective strain rate scales as ε̇ = Δε/h. The baseline condition (h = 2.5 fs) corresponds to ε̇ ≈ 109 s−1; 

decreasing h to 1.0 fs therefore increases the effective strain rate by a factor of 2.5, to ε̇ ≈ 2.5 × 109 s−1 (Table 

1). A constant strain increment of Δε = ε̇h ≈ 2.5 × 10−6 per step is implied by the two limiting cases. 

2.4. Stress and property evaluation 

The atomic stress tensor was monitored throughout the simulations using the virial formulation: 

 σij = (1/V) [ −Σk mk vik vjk + ½ Σk Σl≠k rikl Fjkl ] (2) 

where V is the effective volume (the sheet area multiplied by the effective thickness), mk and vk are the 

mass and velocity of atom k, rkl is the interatomic distance vector, Fkl is the interatomic force vector 

between atoms k and l, and i and j denote Cartesian components. The axial stress σxx was plotted against 

the applied strain ε to obtain the stress–strain curves. The Young’s modulus E was determined from the 

slope of the curve in the initial linear-elastic regime (ε < 0.03) using Hooke’s law, σ = Eε. The ultimate tensile 

strength (UTS, σUTS) was taken as the maximum stress, and the fracture strain εf as the strain at which this 

maximum occurs and after which the stress drops abruptly. For comparison with other two-dimensional 

materials, the modulus is also expressed as a two-dimensional quantity, E2D = Et, with t = 3.4 Å. 

3. Results and discussion 
3.1. Structural model and stress–strain response 

Figure 1 shows the atomic model (panels a and b), the stress–strain response of single-layer a-graphene 

under uniaxial tension along the x-axis (panels c–e), and the evolution of the total energy with strain (panel 

g). The Young’s modulus was evaluated in the initial linear-elastic regime (ε < 0.03) using Hooke’s law (σ = 

Eε). Under the baseline loading condition (h = 2.5 fs), the effective Young’s modulus of the a-graphene sheet 

is E ≈ 345.2 GPa (Table 2), i.e. about 35% of that of pristine monolayer graphene (~1 TPa). Expressed as a 

two-dimensional modulus, this corresponds to E2D ≈ 117 N m−1, compared with ≈ 340–370 N m−1 for 

pristine graphene at the same effective thickness. This reduction is attributed to the topological 5-7-8 ring 

defects, which distort the local bond angles of the sp2 network and reduce the effective density of load-

bearing C–C bonds along the loading path. 
Table 2. Mechanical properties of monolayer a-graphene (this work) compared with values quoted for pristine 

graphene. 

Material system Potential E (GPa) E2D (N m−1) σUTS (GPa) 
Fracture 

strain εf 

Pristine graphene 
AIREBO / 

ReaxFF 
~1000–

1080 
~340–370 ~120–130 ~0.15–0.20 

a-Graphene (h = 2.5 fs) 
ReaxFF (this 

work) 
345.2 117.4 138.2 0.0933 

a-Graphene (h = 1.0 fs) 
ReaxFF (this 

work) 
358.6 121.9 158.0 0.1158 
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Figure 1. Structural model and mechanical response of monolayer amorphous graphene under uniaxial tension 

along the x-axis (N = 1600 atoms, T = 300 K, P = 0 GPa, h = 2.5 fs): (a, b) atomic model of the a-graphene sheet; (c) 

axial stress–strain curve; (d) transverse (y-axis) stress–strain curve; (e) stress–strain curve with the characteristic 

states marked; and (g) variation of the total energy of the system with strain. 

E2D = Et with t = 3.4 Å. Pristine-graphene values are the literature ranges quoted in the Introduction and 

were obtained under different conditions (potential, strain rate); the comparison is therefore indicative 

only. 

The axial stress increases with strain up to a well-defined maximum and then drops abruptly (Figure 1c,e), 

whereas the transverse stress remains small in comparison (Figure 1d), consistent with predominantly 
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uniaxial loading. The total energy of the system increases with strain (Figure 1g) as elastic energy is stored 

in the stretched C–C bonds, with irregular fluctuations appearing only at large strains, after failure. The a-

graphene sheet also fails at a smaller strain (εf = 0.0933) than the ~0.15–0.20 quoted for pristine graphene 

(Table 2), indicating that the defective network is less extensible than the crystalline lattice. Its tensile 

strength, in contrast, is comparable to or higher than the quoted pristine range, which may partly reflect 

the much higher strain rate employed here. 

3.2. Deformation stages and failure mechanism 

The tensile deformation of a-graphene can be described by four characteristic states, marked in Figure 1 

and 2 and summarized in Table 3, which delineate three regimes: linear elasticity, non-linear yielding, and 

fracture. 

Table 3. Characteristic states along the stress–strain curve of a-graphene (h = 2.5 fs). 

State Strain Deformation stage Dominant atomic-scale event 

1 ε < 0.03 Linear elastic regime 
Uniform stretching of C–C bonds with negligible 

structural rearrangement. 

2 ε ≈ 0.05 Non-linear yielding 
Onset of localized stress concentrations near non-

hexagonal ring clusters, with minor bond-angle 

adjustments. 

3 ε ≈ 0.09 Peak stress (UTS) 
Maximum load capacity, σUTS = 138.2 GPa; micro-voids 

initiate through the first C–C bond cleavage at highly 

distorted pentagon–heptagon junctions. 

4 ε > 0.12 
Crack propagation 

and fracture 

Rapid coalescence of nano-voids leading to brittle-like 

catastrophic failure across the sheet width, 

perpendicular to the loading direction. 

 

Atomistic snapshots in Figure 2 confirm these mechanisms. At state 1 (Figure 2a1–a3), which represents 

the initial unstrained configuration (ε = 0), the carbon atoms retain their isotropic, disordered 

arrangement. As the strain increases through state 2 (Figure 2b1–b3) and state 3 (Figure 2c1–c3), the C–C 

bonds elongate significantly along the x-axis, accompanied by Poisson contraction along the y-axis.  

The out-of-plane side views (Figure 2b2, c2) indicate slight ripple formation (buckling), which further 

accommodates the strain energy. At state 4 (Figure 2d1–d3), severe stress concentrations trigger bond 

rupture and the detachment of atoms from their lattice sites, and the sheet enters the fracture regime, 

characterized by voids in the plane and strong out-of-plane distortion of the failed sheet. The failure 

sequence stress concentration at under-coordinated defect nodes, micro-void nucleation at strongly 

distorted five–seven junctions, void coalescence, and rapid cleavage indicates that the non-hexagonal ring 

clusters act as the weak links that control the strength of the amorphous network. 
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Figure 2. Atomic configurations at the four characteristic states (1–4) during uniaxial tension (columns 1–3: top 

view and side views): (a) initial state at state 1; (b) deformation evolution at state 2; (c) advanced strain 

accumulation at state 3; and (d) critical elastic limit followed by void nucleation and atom detachment at state 4. 

3.3. Effect of strain rate 
Figure 3 compares the stress–strain curves obtained with h = 2.5, 2.0, 1.5, and 1.0 fs, i.e. for effective strain 

rates from ≈ 1 × 109 to ≈ 2.5 × 109 s−1 (Table 1). All curves share the same qualitative features a steep initial 

rise, a sharp maximum, and an abrupt stress drop but both the peak stress and the peak strain increase as 

h decreases. Reducing h from 2.5 fs to 1.0 fs raises the UTS from 138.2 GPa (εf = 0.0933) to 158.0 GPa (εf = 

0.1158), i.e. by 14.3% and 24.1%, respectively, and slightly increases the Young’s modulus from 345.2 to 

358.6 GPa (+3.9%; Table 2). The curves for the intermediate time steps lie between the two limiting cases, 

indicating a systematic strain-rate hardening. 

This strain-rate hardening reflects the competition between the imposed deformation rate and the internal 

relaxation kinetics of the strained C–C bonds. At the lower strain rate (h = 2.5 fs), atoms have sufficient 

time for thermally assisted structural rearrangement and stress redistribution around the topological 

defect nodes, so that micro-voids nucleate at lower stress levels. At the higher strain rate (h = 1.0 fs), the 

loading outpaces the natural relaxation time scale of the amorphous network; the system lacks the time for 
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kinetic stress relief, and the strained C–C bonds temporarily sustain higher stress before catastrophic bond 

cleavage occurs. In the framework of thermally activated bond rupture, a higher loading rate reduces the 

time available for thermal fluctuations to overcome the stress-lowered energy barrier for bond breaking, 

which shifts the failure stress and strain upward. The absolute values obtained at MD strain rates of the 

order of 109 s−1 should nevertheless be regarded as upper bounds for quasi-static loading, because MD 

strain rates exceed experimental ones by many orders of magnitude. 

 
Figure 3. Influence of the strain rate (time steps h = 1.0, 1.5, 2.0, and 2.5 fs) on the mechanical response and stress–

strain relationships of single-layer amorphous graphene (N = 1600 atoms). 

3.4. Implications and limitations 

The results show that the strength of a-graphene is not a fixed material constant but depends on the loading 

rate, which must be taken into account when design parameters for flexible electronics or protective 

coatings are extracted from MD simulations. Although the modulus of a-graphene is only about one third 

of that of the crystalline lattice, the sheet sustains stresses of 138–158 GPa and strains of about 9–12% 

before failure under the present loading conditions. 

Several limitations should be kept in mind. First, the simulations refer to a single 1600-atom configuration 

at 300 K and to a narrow window of strain rates (≈ 1–2.5 × 109 s−1); larger systems, several independent 

amorphous configurations, and wider ranges of temperature and strain rate would allow the statistical 

scatter and the functional form of the rate dependence to be quantified. Second, the accuracy of the reactive 

force field for highly distorted, under-coordinated carbon configurations close to fracture should be 

benchmarked against first-principles calculations or alternative interatomic potentials. These aspects will 

be addressed in future work. 

4. Conclusions 
In summary, reactive molecular dynamics simulations based on the ReaxFF potential were employed to 

investigate the mechanical behavior and strain-rate sensitivity of single-layer amorphous graphene under 

uniaxial tension. The main conclusions are as follows: Topological ring defects reduce the effective Young’s 
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modulus of a-graphene to E ≈ 345.2 GPa (about 35% of that of pristine graphene) because of stress 

concentration at non-hexagonal ring nodes. The tensile process passes through four characteristic states—

linear Hookean elasticity, non-linear yielding, peak-stress void initiation, and catastrophic brittle-like 

cleavage with fracture initiated at under-coordinated defect nodes. Increasing the effective strain rate from 

≈ 1 × 109 to ≈ 2.5 × 109 s−1 (decreasing h from 2.5 to 1.0 fs) enhances the UTS from 138.2 to 158.0 GPa and 

the fracture strain from 0.0933 to 0.1158, owing to the limited thermal relaxation available within the 

amorphous lattice at higher loading rates. 
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