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Despite being the basic building block of most carbon materials used in high and ultra-high temperature applications, the mechanical properties of graphene at such temperatures remain totally unknown. Here we compute these properties using tensile molecular dynamics simulations at temperatures ranging from room temperature to 5000 K (i. e. about the melting temperature) for pristine and nanocrystalline graphene. Mechanical simu

lations at such temperatures are made possible via the use of the screened environment dependent reactive empirical bond order potential [Perriot et al. Phys. Rev. B 88, 064101 (2013)]. We show that even at the highest temperature, both graphene and nanocrystalline graphene retain high stiffness, strength and fracture strain. Analyses of tensile curves and trajectories (including an analysis of in-plane non-affine atomic displacements)

show that both pristine and nanocrystalline graphene show brittle rupture, whatever the temperature, even though some early sign of ductility can be

Introduction

Owing to their low weight, high melting point and excellent mechanical and thermal properties, carbon-based materials are praised as structural elements for applications involving high and ultra-high temperatures [START_REF] Shabalin | Ultra-High Temperature Materials I[END_REF]. Graphite's melting point, 4800 ± 100 K according to most recent investigations [START_REF] Savvatimskiy | Measurements of the melting point of graphite and the properties of liquid carbon (a review for 1963-2003)[END_REF], is the highest among known materials and much higher than those of refractory metals (≤ 3700 K) and their carbides (≤ 4300 K) [START_REF] Shabalin | Ultra-High Temperature Materials I[END_REF].

The room temperature in-plane stiffness (∼ 1 Tpa), strength (∼ 130 GPa) [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF] and thermal conductivity (∼ 5000 W/m/K) [START_REF] Balandin | Superior Thermal Conductivity of Single-Layer Graphene[END_REF] of its single layer constituent, graphene, are outstanding and can be combined with the much weaker out-of-plane values in graphite to design complex architectures as in carbon fiber reinforced carbon/carbon composites for instance, finding applications in extreme environments in nuclear energy production as well as aerospace and aeronautics [START_REF] Savage | Carbon/Carbon composites[END_REF][START_REF] Scarponi | 13 -Carbon-carbon composites in aerospace engineering[END_REF]. Despite their importance, the mechanical properties of carbon materials at high temperatures are poorly documented in the literature so far, probably owing to the difficulty of performing such measurements. Only a few reports have been published in the case of polycrystalline graphite [START_REF] Malmstrom | Some Mechanical Properties of Graphite at Elevated Temperatures[END_REF][START_REF] Mason | Variation with Temperature of Young's Modulus of Polycrystalline Graphite[END_REF][START_REF] Smith | Longitudinal tensile behavior of h4lm graphite in nitrogen to 2750 •[END_REF][START_REF] Smith | Effects of temperature and strain rate on transverse tensile properties of H4LM graphite tested in helium and in vacuum[END_REF], up to about 3000 K, and carbon fibers [START_REF] Trinquecoste | High temperature thermal and mechanical properties of high tensile carbon single filaments[END_REF][START_REF] Sauder | Thermomechanical properties of carbon fibres at high temperatures (up to 2000 • C)[END_REF] up to about 2300 K. However, experimental values of the mechanical properties of monocrystalline graphite [START_REF] Blakslee | Elastic Constants of Compression-Annealed Pyrolytic Graphite[END_REF][START_REF] Bosak | Elasticity of single-crystalline graphite: Inelastic X-ray scattering study[END_REF] and graphene [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF] are only known at, or close to, room temperature.

Molecular dynamics (MD) simulation is a particularly well-suited technique to investigate the mechanical properties of materials. Elastic properties can be obtained either from the equilibrium fluctuations of strain or stress during simulations at constant stress or strain, respectively [START_REF] Parrinello | Strain fluctuations and elastic constants[END_REF][START_REF] Clavier | Computation of elastic constants of solids using molecular simulation: comparison of constant volume and constant pressure ensemble methods[END_REF], or from simulations at finite small deformations (compressive, tensile or shear) [START_REF] Farbos | Nanoscale elasticity of highly anisotropic pyrocarbons[END_REF]. Provided that a suitable interatomic potential is used, allowing to accurately describe bond breaking or formation, non-linear mechanics, including fracture properties can also be obtained from MD simulations at large deformations [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF]. Therefore, numerous MD-based predictions of mechanical properties have been reported for graphene-derived systems.

Grantab et al. [START_REF] Grantab | Anomalous Strength Characteristics of Tilt Grain Boundaries in Graphene[END_REF] first predicted the Young's modulus (E) and fracture strength of pristine graphene and graphene with tilt-boundaries by simulating tensile tests at constant strain rate, followed by many others [START_REF] Wei | The nature of strength enhancement and weakening by pentagon-heptagon defects in graphene[END_REF][START_REF] Rasool | Conserved Atomic Bonding Sequences and Strain Organization of Graphene Grain Boundaries[END_REF][START_REF] Han | Mechanical strength characteristics of asymmetric tilt grain boundaries in graphene[END_REF][START_REF] Daly | A kinematic study of energy barriers for crack formation in graphene tilt boundaries[END_REF][START_REF] Xu | The influence of tilt grain boundaries on the mechanical properties of bicrystalline graphene nanoribbons[END_REF]. The effects of point defects, including Stone-Wales (SW) defects [START_REF] Wang | Effect of defects on fracture strength of graphene sheets[END_REF][START_REF] He | The effect of Stone-Thrower-Wales defects on mechanical properties of graphene sheets -A molecular dynamics study[END_REF][START_REF] Rajasekaran | Molecular dynamics study on the mechanical response and failure behaviour of graphene: performance enhancement via 5-7-7-5 defects[END_REF][START_REF] Juneja | Anomalous strength characteristics of Stone-Thrower-Wales defects in graphene sheets -a molecular dynamics study[END_REF][START_REF] Li | Effect of Defects on the Mechanical and Thermal Properties of Graphene[END_REF], single vacancies (SV) and divacancies (DV) [START_REF] Li | Effect of Defects on the Mechanical and Thermal Properties of Graphene[END_REF][START_REF] Daly | Effects of topological point reconstructions on the fracture strength and deformation mechanisms of graphene[END_REF] as well as mixtures of different defects [START_REF] Xu | Mechanical properties of highly defective graphene: from brittle rupture to ductile fracture[END_REF] have also thoroughly been investigated. All these studies converged in showing that the presence of defects lead to a reduction in fracture strength (σ * ) and strain (ε * ), and to a lesser extent in the stiffness (E) of the material, yet the defect concentrations considered remains somehow unrealistically large, due to the small size of the considered systems (few nm).

The fracture behavior of several models of polycrystalline graphene, or nano-crystalline graphene as investigated grain sizes varies from few nm to few tens of nm, has been reported in numerous papers [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF][START_REF] Kotakoski | Mechanical properties of polycrystalline graphene based on a realistic atomistic model[END_REF][START_REF] Zhang | Flaw Insensitive Fracture in Nanocrystalline Graphene[END_REF][START_REF] Song | Pseudo Hall-Petch Strength Reduction in Polycrystalline Graphene[END_REF][START_REF] Sha | Inverse Pseudo Hall-Petch Relation in Polycrystalline Graphene[END_REF][START_REF] Mortazavi | Atomistic modeling of mechanical properties of polycrystalline graphene[END_REF][START_REF] Han | The transition from an inverse pseudo Hall-Petch to a pseudo Hall-Petch behavior in nanocrystalline graphene[END_REF]. In all these studies E was shown to increase and ε * to decrease with increasing grain size.

The effect of grain size on σ * is less clear as some report a decrease, the pseudo Hall-Petch effect [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF][START_REF] Song | Pseudo Hall-Petch Strength Reduction in Polycrystalline Graphene[END_REF]; others report an increase termed as inverse pseudo Hall-Petch effect [START_REF] Sha | Inverse Pseudo Hall-Petch Relation in Polycrystalline Graphene[END_REF][START_REF] Mortazavi | Atomistic modeling of mechanical properties of polycrystalline graphene[END_REF]; while a recent report by Han suggest a transition from pseudo Hall-Petch to inverse pseudo Hall-Petch at grain sizes around 3 nm [START_REF] Han | The transition from an inverse pseudo Hall-Petch to a pseudo Hall-Petch behavior in nanocrystalline graphene[END_REF]. Some authors have also investigated the effect of strain rate on the obtained properties [START_REF] Daly | A kinematic study of energy barriers for crack formation in graphene tilt boundaries[END_REF][START_REF] Daly | Effects of topological point reconstructions on the fracture strength and deformation mechanisms of graphene[END_REF][START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF]. Extrapolating the data to experimental strain rates (∼ 1 s -1 ), Daly et al. have shown that tensile strength can be reduced by a up to about 50 %, compared to data at typical MD strain rates (∼ 10 9 -10 7 s -1 ) for graphene with vacancy defects [START_REF] Daly | Effects of topological point reconstructions on the fracture strength and deformation mechanisms of graphene[END_REF].

The effect of temperature on the mechanical properties of graphene has also been the subject of numerous studies [START_REF] Wang | Effect of defects on fracture strength of graphene sheets[END_REF][START_REF] Juneja | Anomalous strength characteristics of Stone-Thrower-Wales defects in graphene sheets -a molecular dynamics study[END_REF][START_REF] Li | Effect of Defects on the Mechanical and Thermal Properties of Graphene[END_REF][START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF][START_REF] Zhang | Strength and fracture behavior of graphene grain boundaries: effects of temperature, inflection, and symmetry from molecular dynamics[END_REF][START_REF] Dewapriya | Molecular Dynamics Simulations and Continuum Modeling of Temperature and Strain Rate Dependent Fracture Strength of Graphene With Vacancy Defects[END_REF][START_REF] Anastasi | Mechanical properties of pristine and nanoporous graphene[END_REF][START_REF] Giannopoulos | Tensile strength of graphene versus temperature and crack size: Analytical expressions from molecular dynamics simulation data[END_REF] and a general decrease in all properties with increasing temperature was observed. However, the highest temperature covered was only of 2400 K [START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF], far from the melting point of graphene. Common to all these works is the use of the second-generation reactive empirical bond order (REBO) [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF] potential or its variant including van der Waals interaction, the AIREBO potential [START_REF] Stuart | A reactive potential for hydrocarbons with intermolecular interactions[END_REF], which are intrinsically short-ranged as bonding has to be limited to first neighbors only. More precisely, bonding interactions are truncated at a cut-off value r c = 2 Å in these potentials. While a smooth switching function, from 1.7 Å to r c is normally used in these potentials, the latter has been shown to create artifacts, including an anomalous bump in the stress-strain curve and artificial ductility under tension [START_REF] Grantab | Anomalous Strength Characteristics of Tilt Grain Boundaries in Graphene[END_REF]. A sharp cutoff at, or close to, r c is thus generally used instead, yet it can lead to artefacts at high temperature and under strain when bond vibrations can reach the cutoff, especially in defective regions.

Modifications of the REBO potential have been proposed to extend the range of the bonding term above 3 Å while ensuring that interactions with second neighbors are not included, through a screening function [START_REF] Pastewka | Describing bond-breaking processes by reactive potentials: Importance of an environment-dependent interaction range[END_REF][START_REF] Perriot | Screened environment-dependent reactive empirical bond-order potential for atomistic simulations of carbon materials[END_REF]. Gamboa et al. [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF] have used the screened environment dependent REBO potential (SED-REBO) of Perriot et al. [START_REF] Perriot | Screened environment-dependent reactive empirical bond-order potential for atomistic simulations of carbon materials[END_REF] to investigate the mechanical properties of graphene and nanocrystalline graphene at room temperature, and compared the properties to those obtained with the REBO potential with a hard cutoff at 2 Å. It was observed that the REBO potential leads to a significant underestimation of both σ * and ε * , by about 40 %. Building on this work, we present in what follows the mechanical properties of graphene and a polycrystalline graphene model predicted with MD simulations using the SED-REBO potential at various temperatures, from room temperature to 5000 K.

Methods

Two 2D carbon sheets are considered in this work. The first one is a pristine graphene (PG) sheet of 10032 atoms. The second one, shown in Fig. 1, is a nanocrystalline graphene model (NCG) of similar size (10001 atoms).
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Figure 1: Top view of the periodic NCG sheet. Rings are color-coded according to the definition found in Ref. [START_REF] Toh | Synthesis and properties of free-standing monolayer amorphous carbon[END_REF]: crystalline hexagons (green); non crystalline hexagons (violet); pentagons (red) and heptagons and larger (cyan).

It was prepared [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF] through a liquid quench molecular dynamics simulation, using the REBO potential [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF], restrained to a plane with an external (cosine-like) potential and further annealed for 25 ns at 4000 K to enhance crystallinity. It contains a large majority of hexagonal rings (about 94 %) arranged in nanometer sized crystallites of arbitrary shapes, separated by both low-angle (discontinuous) and high-angle (continuous) grain boundaries with alternating pentagon/heptagon pairs. The average size of crystallites has been estimated to be between 5 and 8 nm, depending on the calculation method. This is described in Ref. [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF], together with all the details on the generation of this model. It is worth mentioning that this model was chosen as it shows highest thermal stability with respect to other models obtained via shorter annealing time. The latter could experience significant structural evolution, mostly an increase in grain size, during high temperature tensile testing. Both systems are enclosed in periodic orthorhombic cells of about 16 nm length in the plane directions and 10 nm in the normal direction.

The mechanical properties of these two carbon sheets are computed at increasing temperatures, from 300 K to 5000 K, using the molecular dynamics methodology described in Ref. [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF] and implemented in an "in house" MD code. The interatomic interactions are described with the SED-REBO potential [START_REF] Perriot | Screened environment-dependent reactive empirical bond-order potential for atomistic simulations of carbon materials[END_REF], deriving from the second-generation REBO potential [START_REF] Brenner | A second-generation reactive empirical bond order (REBO) potential energy expression for hydrocarbons[END_REF]. The SED-REBO potential energy is given by

E = 1 2 j =i S ij [V R (r ij ) + b ij V A (r ij )] (1) 
where V R and V A are the repulsive and attractive terms, depending only on the distance r ij betwen atoms i and j; and b ij is an environment dependent bond order term. The most significant difference between SED-REBO and REBO is the presence of an angular dependent screening function S ij in place of the short-range switching function of the REBO potential. The screening function allows to progressively turn off the interactions when a third atom k get inserted in between i and j. Therefore, the interaction range of the potential can be extended much beyond the first neighbor distance. In SED-REBO, V R and V A are described using analytical rational functions which, together with their first and second derivatives, smoothly vanish at r ij = Equations of motions are integrated using a velocity Verlet integrator [START_REF] Allen | Computer Simulation of Liquids[END_REF] operating with a timestep ranging from 0.5 fs (300 K) to 0.25 fs (5000 K), ensuring a correct energy conservation under equilibrium microcanonical (NVE) runs. The code also uses weak coupling (Berendsen) thermostat and barostat [START_REF] Berendsen | Molecular Dynamics with Coupling to an External Bath[END_REF]. The barostat allows independent treatment of the diagonal stress (pressure) tensor elements. Time constants of 50 and 250 fs are used for the thermostat and barostat, respectively.

Prior to mechanical testing, the models are relaxed at the suited temperature and zero mechanical stress, with independent control of the stress elements in X and Y directions (the size of the box in the Z direction is held fixed in all the simulations), for about 50 ps. Stress elements, obtained in N.m -1 are converting to pressure units assuming a thickness of 3.35 Å for the graphene sheets. Then, mechanical properties are computed using the relaxed uniaxial tensile tests (UATT) described in Refs 17,[START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF][START_REF] Gamboa | On the prediction of graphene's elastic properties with reactive empirical bond order potentials[END_REF] In this method, a constant engineering strain rate of 10 9 s -1 is applied to the system in one of the in-plane directions while the other is simulated at constant zero stress. Engineering strain (ε E ) is then converted to true strain

ε = ln (1 + ε E ).
Therefore, the Young's modulus is directly obtained from linear regression of the stress-strain curve.

Results and Discussion

Pristine graphene

Fig. 2 shows examples of the tensile curves obtained for PG along armchair (AC) and zig-zag (ZZ) directions at various temperatures. At 300 K, the high-strength and high-stiffness with brittle failure behavior already discussed in Ref. [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF] is observed. With increasing temperature, we observe a progressive decrease in failure strength and strain, as well as a decrease in modulus. Interestingly, the tensile curves keep a very sharp profile at failure for all temperatures but 5000 K at which a significantly smoother profile is observed.

Quantitative values of the mechanical parameters extracted from the tensile curves are given in Fig. 3. It includes values of the Young's modulus (E), the ultimate strength (σ * ) and strain (ε * ), defined as the maximum stress value on the curve and the corresponding strain value, respectively.

Also given is a parameter, γ, characterizing the brittleness of the material and defined as γ = ε 1/2 -ε * where ε 1/2 is the strain at which the stress has dropped down to half σ * after failure. We note that the definition of γ depends both of system size and strain rate, yet allows comparing the different situations encountered in this paper where both size and strain rate are fixed.

In the case of an infinitely slow (quasistatic) tensile experiments, or for a an infinitely small system, γ ∼ 0 for a perfectly brittle system. GPa for AC and ZZ directions, respectively. Similarly, the failure strain (ε * ) decreases from 0.164 to 0.077 and from 0.238 to 0.078 for AC and ZZ directions respectively. The reported values at 300 K, are in fair agreement with the values measured by Lee et al. [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF] using AFM: E = 1.0 TPa and σ * = 130 GPa. The extrapolated properties at 0 K (Table 1) are also in good agreement with the ideal (0 K) values computed by Liu et al. [START_REF] Liu | Ab initio calculation of ideal strength and phonon instability of graphene under tension[END_REF] using density functional perturbation theory (DFPT), especially for the fracture strain and stress.

While no experimental data exists so far regarding the mechanical properties of graphene at high temperature, the results in Fig. 3 can still be compared to MD simulations from the literature [START_REF] Wang | Effect of defects on fracture strength of graphene sheets[END_REF][START_REF] Li | Effect of Defects on the Mechanical and Thermal Properties of Graphene[END_REF][START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF][START_REF] Zhang | Strength and fracture behavior of graphene grain boundaries: effects of temperature, inflection, and symmetry from molecular dynamics[END_REF][START_REF] Dewapriya | Molecular Dynamics Simulations and Continuum Modeling of Temperature and Strain Rate Dependent Fracture Strength of Graphene With Vacancy Defects[END_REF][START_REF] Giannopoulos | Tensile strength of graphene versus temperature and crack size: Analytical expressions from molecular dynamics simulation data[END_REF]. Although all the available reports indeed show the same trend as observed in this work, namely a smooth, more or less linear, decrease of fracture strength and strain with increasing temperature, the rates of these decreases are considerably larger than the ones reported here. A reduction by 50 % of σ * and ε * with respect to their room temperature values, is obtained at about 2000 K with the sharpcutoff AIREBO potential [START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF][START_REF] Zhang | Strength and fracture behavior of graphene grain boundaries: effects of temperature, inflection, and symmetry from molecular dynamics[END_REF] while such a reduction is only obtained at about 4000 K with SED-REBO, highlighting the importance of properly accounting for the middle-range (2-3 Å) interactions (note that we compare to simulations performed using similar strain rates and system sizes to avoid as much as possible other sources of difference). It is also worth noting that no simulation data exist in the literature for T > 2400 K, suggesting that sharp-cutoff potentials could be unstable at high T and under strain.

We notice that all mechanical properties remain at very high values up to 5000 K, despite it is about the melting point for graphene. From the linear fits in Fig. 3 (b andc) it is tempting to determine bounds for a "mechanical" melting. Extrapolation of the data in Fig. 3(b) to σ * = 0 leads to predicted mechanical melting points of about 7800 and 7000 K in AC and ZZ directions respectively. Extrapolation of the data in Fig. 3(c) to ε * = 0 leads to a similar estimate in the ZZ direction, 7200 K, and a slightly larger value of about 9200 K in the AC direction. These values are significantly larger than the actual thermodynamic melting point (see below).

As shown in Fig. 3(d), the γ parameter remains close to its 300 K value (∼ 0.003) up to about 4000 K, showing only a very slight linear increase.

This indicates that the brittle fracture of PG is maintained. However, a significant increase in γ is observed at 5000 K (0.01). Nevertheless, even at 5000 K, the material is far from showing the ductile behavior of a metal or a ductile polymer for which γ would be typically larger than one. Visualization of the trajectories at 1000 K and 2000 K did not unravel any difference in the fracture mechanism with respect to earlier reports at room temperature [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF]. However, some interesting observations have been made at higher temperatures. Fig. 4 shows snapshots of the crack nucleation at 3000 K taken from two MD trajectories, one AC and one ZZ. In the AC direction we observe that crack nucleation is concomitant to a bond rotation attempt at ε ∼ 0.11 (see the blue atoms in Fig. 4(a-d)). In the ZZ direction, we observe that a complete Stone-Wales (SW) defect [START_REF] Stone | Theoretical studies of icosahedral C60 and some related species[END_REF] is formed at ε ∼ 0.12 (Fig. 4(f)) and quickly after (ε ∼ 0.13) serves as a crack nucleus (Fig. 4(g)).

At 4000 K SW defects start appearing at ε ∼ 0.09 (Fig. 5). As shown in Fig. 5(a), 4 SW defects, as well as 3 more complex defects based on multiple bond rotations and partially dissociated are observed prior to crack nucleation under AC strain. At ε ∼ 0.098, two cracks, centered on existing defects, nucleate almost concomitantly (Fig. 5(b,c)) and lead to fracture (Fig. 5(d)). As shown in Fig. 5(e-h), the fracture scenario is very similar under ZZ strain. First, 5 SW defects and an extended defect are formed at ε ∼ 0.094 (Fig. 5(e)), then a crack nucleates at the extended defect and propagates to complete fracture (Fig. 5(f-h)).

Fig. 6 shows snapshots of PG during UATT at 5000K. As shown in Fig. 6, SW defects appear at much lower strain values of 0.026 (Fig. 6 and ZZ directions, respectively. One note that these crack initiation events are less marked that what was observed at lower temperatures. As can be seen in Fig. 6(c,f), the crack profiles show much more disordered edges than those that were observed at lower temperatures, in agreement with the less brittle behavior observed from the tensile curves (Fig. 2) Compared to PG (Fig. 2), we observe a well-documented non-linear elastic behavior at low strain values [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF][START_REF] Zhang | Flaw Insensitive Fracture in Nanocrystalline Graphene[END_REF], associated to flattening of the NCG which present significant curvature at rest. Besides, an overall reduction of the tensile properties, compared to graphene, is also clearly visible. Nevertheless, the NCG model also keeps high mechanical stiffness and strength in the considered T range. As for graphene, we also observe a significant reduction in tensile modulus and tensile strength with increasing temperature and a decrease in brittleness at the highest temperatures. However, the evolutions of ultimate strain is less obvious than for graphene. More details are given in Fig. 8. As for PG, the ductility parameter γ shows a slow linear increase with T up to 3000 K (Fig. 8(d)), albeit with slightly larger values than for graphene, from about 0.004 at 300 K to about 0.005 at 3000 K. γ then significantly increases with further increasing T to about 0.025 ± 0.01 and 0.035 ± 0.01 in X and Y directions, respectively, at 5000 K. This sudden rise in γ indicates that the NCG approaches the brittle to ductile transition, yet considering the temperature, melting would certainly occur before such transition could be observed. and ellipses, respectively. Single bond cracks are mostly formed by breaking bonds at grain boundaries that are mostly aligned with the tensile direction and shared by a hexagon and a heptagon. These defects do not immediately lead to fracture and can accommodate a significant amount of additional strain, multiply in number, before larger cracks eventually nucleate (Fig. 9(ac)). At ε = 0.088, an array of small cracks has aligned in a direction almost perpendicular to the tensile direction (Fig. 9(d)). The latter quickly regroup into a large unique crack (Fig. 9(e)) that propagates and promote fracture (Fig. 9(f)). Asides from the crack locations, at 3000 K, the structure of the NCG is mostly preserved. However, a few bond rotations occurred during the simulation as shown in the enlargement (blue squares) of two zones in Fig. 9(a,f). We also observe that most open single and few bond cracks vanish when away from the main fracture during its growth.

Nanocrystalline graphene

The behavior of the NCG at 4000 K (Fig. 10) is very similar to the one at 3000 K aside from the facts that fracture nucleation and completion occur at slightly lower strain values. Grain boundary reconstructions are also present at this temperature, probably even slightly more pronounced than at 3000 K.

At 5000 K, some important differences can be observed (Fig. 11). First, in addition to the reorganization occurring at grain boundaries, spontaneous formation and migration of SW defects is also observed in crystalline areas (green squared area in Fig. 11(a,f)), as was the case for PG at very high temperatures. Second, a major difference with the 3000 K and 4000 K scenarios is that crack propagation occurs on a much longer strain scale: from the crack nucleation at ε ≈ 0.08 (Fig. 11(c) to a state at ε = 0.15 (Fig. 11(f)) at which fracture is not even fully completed. This is a clear sign that we are approaching the brittle-ductile transition. Finally, a last interesting feature observed in this trajectory is the appearance of a melting front at the fracture edge (see the orange squared area in Fig. 11(f)). We note that this melting area seems to be related to the convergence of two fracture fronts through the periodic boundary conditions (on the top and bottom sides of Fig. 11(f)) and is not unique to this system. This will be discussed in more details below.

Discussion

Local stress or strain analysis close to fracture initiation is a convenient way to characterize materials behavior at fracture. While our current implementation of the SED-REBO do not allow for computing atomic stress elements, we propose in Fig. 12 As shown in Fig. 12, no significant difference in the non-affine displacement fields can be onserved between PG and NCG at a given temperature. However, some temperature effects are clearly noticeable. At 3000 K, we can see in Fig. 12(a,d neiighborhood of the crack nucleus, indicating that strain is homogeneously distributed in the remaining part of the system, as expected for brittle materials. Note that we also observe few hot spots (see Fig. 12(d)) in the NCG around the few non-propagating single of few-bond cracks identified in Fig. 9(c) or at room temperature in Ref. [START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF]. Increasing the simulation temperature, we observe that u na xy hot spots becomes more extended, indicating a progressive reduction in the brittleness of the materials, in agreement with the increases of the ductility parameter reported above, yet remaining extremely far from values expected for a ductile material (γ ∼ 1).

An important finding of this work is the influence of SW defects on the fracture of PG at high temperatures. Although only two examples (one per tensile direction) per temperature were discussed in the results section (see Fig. 4,5 and 6), we observed the spontaneous formation of SW defects in all performed simulations (5 per temperature and tensile direction) prior to or at the crack nucleation event. The numbers of such defects were of about 1-2 per simulation at 3000 K, 4-6 at 4000 K and slightly more at 5000 K. The spontaneous formation of SW defects, as well as other bond rotation-based defects is extremely unlikely in the absence of strain, even at the temperatures considered here. Indeed, for a PG sheet with N = 10032 atoms, the equilibrium number of SW defects can be estimated (neglecting entropic effects) as

N SW = 3N 2 exp E f k B T
where E f is the defect formation energy and k B is Boltzmann's constant. Assuming a formation energy of about 5 eV for the SW defect, which is close to both density functional theory calculations [START_REF] Ma | Stone-Wales defects in graphene and other planar sp2-bonded materials[END_REF] and empirical calculations based on REBO-based force-fields [START_REF] Leyssale | A Large-Scale Molecular Dynamics Study of the Divacancy Defect in Graphene[END_REF], one obtains N SW values ranging from about 10 -80 at room temperature to about 10 -2 at 5000 K. However, it has been shown in prior studies that tensile strain considerably reduces both the SW defect formation energy and the associated energy barrier (∼ 10 eV in the absence of strain) [START_REF] Nardelli | Mechanism of strain release in carbon nanotubes[END_REF]. The presence of one or several SW defects was shown to become energetically favorable with respect to pristine state above a certain strain level [START_REF] Samsonidze | Energetics of Stone-Wales defects in deformations of monoatomic hexagonal layers[END_REF][START_REF] Jiang | Defect nucleation in carbon nanotubes under tension and torsion: Stone-Wales transformation[END_REF][START_REF] Song | Stone-Wales transformation: Precursor of fracture in carbon nanotubes[END_REF]. Hence, SW defects were considered as plausible precursors to fracture in graphene and carbon nanotubes [START_REF] Song | Stone-Wales transformation: Precursor of fracture in carbon nanotubes[END_REF]. Furthermore, performing the simulations at elevated temperatures as those in this work, significantly accelerate barrier crossings.

For instance, Leyssale and Vignoles [START_REF] Leyssale | A Large-Scale Molecular Dynamics Study of the Divacancy Defect in Graphene[END_REF] have been able to simulate the diffusion of di-vacancies in graphene at temperatures in the 3000-4000K range, for a process associated to barriers of about 6 eV. The results presented above constitute a clear and definitive proof that SW defects indeed appear under strain, especially at high temperature, and promote fracture in crystalline graphene. SW defects also form in the NCG system, yet without much influence on the fracture properties as crack nucleation occurs at already existing defects or grain boundaries.

A third point to discuss here is the melting domain developing in the NCG system at 5000 K (Fig. 11) during fracture propagation. Even though not presented in section III, focusing on the crack nucleation, partial melting was also observed in other trajectories, both for PG and NCG, for T ≥ 3000 K. Partial melting can actually be observed for PG under UATT in the AC direction at 3000 K (movie M1), 4000 K (movie M2) and 5000 K (movie M3), in the ZZ direction at 4000 K (movie M5) and 5000 K (movie M6), as well as for UATT for NCG at 5000 K in both Y (movie M9) and X (movie M12) directions. From these movies, it seems that PG seems to be more prone to melting than NCG, which could result from a stronger shock wave development after fracture in the stiffer PG system. However, a common observation is that the initiation of melting occurs in areas where two misaligned fracture fronts percolate through the periodic boundary, in the direction normal to tension. Care must thus be taken with interpretating this strongly nonequilibrium melting process which could be very sensitive to the simulation conditions, regarding for instance system size, boundary conditions, strain rate, temperature and stress control, etc... Therefore, further work is definitely required to investigate the conditions of fracture-induced melting. In an attempt to locate the melting point T m of graphene, as described using the SED-REBO potential, 1 ns long MD simulations were performed at various temperatures by steps of 100 K and fixed zero stress. An upper "dynamical" limit of 5600 K was obtained for T m , corresponding to the lowest temperature at which melting was observed. This value is in line with other dynamical estimates based on the LCBOP2 potential [START_REF] Los | Improved long-range reactive bond-order potential for carbon. I. Construction[END_REF], about 5000 K [START_REF] Zakharchenko | Melting of graphene: from two to one dimension[END_REF], or on ab initio molecular dynamics, 4000-6000 K [START_REF] Ganz | The initial stages of melting of graphene between 4000 K and 6000 K[END_REF]. A more accurate estimate based on nucleation theory for LCBOP2 gives a slightly lower value of 4500 K [START_REF] Los | Improved long-range reactive bond-order potential for carbon. I. Construction[END_REF].

Finally, it is important to recall that crack nucleation is a thermally activated process, obeying Eyring's theory, and hence conveys a probabilistic nature [START_REF] Daly | A kinematic study of energy barriers for crack formation in graphene tilt boundaries[END_REF][START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF]. For instance, the characteristic time to fracture nucleation at given stress and temperature reads [START_REF] Daly | A kinematic study of energy barriers for crack formation in graphene tilt boundaries[END_REF]:

τ (σ, T ) = τ 0 n s exp E 0 -V a σ k B T (2) 
where τ 0 is the characteristic time of molecular vibrations in the material, n s is the number of possible sites for crack nucleation, E 0 is the energy barrier to crack nucleation, V a , an activation volume and k B is Boltzmann's constant. It immediately follows that this time depends exponentially on T. Nevertheless, Eq. 2 shows that τ also depends on the number of possible crack nucleation sites n s , which scales as the number of atoms in the system, and with the applied stress σ, which by extension induces a dependence of σ * on strain rate. Here, using the SED-REBO potential we have been able to produce reliable results for the dependence of fracture properties with temperature up to almost melting, which was not possible with shorter ranged interatomic potentials. While system size and strain rate effects on those properties exist in the literature [START_REF] Daly | A kinematic study of energy barriers for crack formation in graphene tilt boundaries[END_REF][START_REF] Zhao | Temperature and strain-rate dependent fracture strength of graphene[END_REF], the present work suggest that such investigations should be also performed with an extended range potential as SED-REBO, especially at high temperatures.

Conclusion

The mechanical properties of pristine and nanocrystalline graphene have been computed using tensile molecular dynamics simulations and the SED-REBO potential. Benefiting from the extended interaction range of the potential, we have been able to characterize both stiffness (Young's modulus) and fracture properties (ultimate strain and stress) up to ultra-high temperature, typically close to the melting point of these materials, which is unprecedented in the literature.

All properties were found to decrease (mostly linearly) with increasing temperature up to 5000 K for PG and 4000 K for NCG. At 5000 K, PG has a Youngs modulus of about 600 GPa and ultimate stress and strain of about 40 GPa and 0.08, respectively. NCG also retains impressive properties at 29 strain of about 25 GPa and 0.077, respectively.

Analysis of the tensile trajectories has allowed to finely characterize the fracture mechanism. Brittle rupture was observed for both PG and NCG at all temperatures, with only a few hints of ductility at the highest temperature for the NCG. This work thus rules out the possible existence of a brittle to ductile transition in graphene, as we clearly show here that melting should occur prior to such transition.

The simulations have also shown the importance of the spontaneous formation of SW defects in the crack nucleation mechanism at high temperatures (≥ 3000 K) for PG.
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 3 . The bond order term, b ij , is mostly kept unchanged from the REBO potential, the only difference being the switching function applied to the b σ-π ij term which is replaced by the product of the switching function S ij by a polynomial f c (r), ensuring continuous first and second derivatives at the boundaries of the switching domain. A detailed description of the SED-REBO potential is available in Ref. 46. During its implementation, few misprints in the equations and paremeters were identifies in Ref. 46; these are corrected in the appendix.

Figure 2 :

 2 Figure 2: Example of tensile curves obtained for PG in (a) AC and (b) ZZ directions at various temperatures.

Figure 3 :

 3 Figure 3: Evolutions with temperature of the average (a) Young's modulus E, (b) failure strength σ * , (c) failure strain ε * and (d) brittleness parameter γ (see text for the definition) for PG under AC (squares) and ZZ (circles) tension. Error bars are given to one standard deviation among five independent calculations. Lines are linear fits to the data.

Figure 4 :

 4 Figure 4: Snapshots of PG under UATT at 3000 K taken nearby crack nucleation. (a-d): AC direction; (e-h): ZZ direction. Atoms in blue and red in the insets are visual guides to show how crack nucleation is concomitant to SW rotation attempts. Numbers at bottomleft corners indicates the strain level for each frame. Full trajectories are available as supplementary movies M1 and M4.

Figure 5 :

 5 Figure 5: Snapshots of PG under UATT at 4000 K taken nearby crack nucleation. (a-d): AC direction; (e-h): ZZ direction. Numbers at bottom-left corners indicates the strain level for each frame. Colored atoms indicate the presence of point, mostly SW, defects prior to crack nucleation. Full trajectories are available as supplementary movies M2 and M5.

  (a)) and 0.039 (Fig.6(d)) in the AC and ZZ directions, respectively. Then many defects form with increasing strain, up to crack nucleation, which can be located at strains of about 0.075 (Fig.6(b)) and 0.086 (Fig.6(e)) for AC

Figure 6 :

 6 Figure 6: Snapshots of PG during UATT at 5000 K. (a-c): AC direction; (d-f): ZZ direction. Numbers at bottom-left corners indicates the strain level for each frame. First SW defects are colored in black in (a,d). Full trajectories are available as supplementary movies M3 and M6.

Figure 7 :

 7 Figure 7: Example of tensile curves obtained for NCG in (a) X and (b) Y directions at various temperatures.

Fig. 7

 7 Fig.7shows examples of tensile curved obtained for the NCG model.

Figure 8 :

 8 Figure 8: Evolutions with temperature of the average (a) Young's modulus E, (b) failure strength σ * , (c) failure strain ε * and (d) brittleness parameter γ for the NCG model under tension along the X (squares) and Y (circles) directions. Error bars are given to one standard deviation among five independent calculations. Lines are linear fits to the data.

Fig. 8 ( 7 %

 87 Fig.8(a) shows the evolution of E with T. An almost identical linear decrease is observed in both X and Y directions, from about 800 GPa at 300 K down to about 600 GPa at 4000 K. However, a significant drop in E, to about 400 GPa, is observed when T is increased up to 5000 K, in-

Figure 9 Figure 9 :

 99 Figure9shows the evolution of the NCG model under UATT at 3000 K. At this temperature, the model behaves almost exactly as was described in Ref.[START_REF] Gamboa | Mechanism of strength reduction along the graphenization pathway[END_REF] for the same model at room temperature. We observe first the appearance of many single and few bond cracks, indicated with red arrows

Figure 10 :

 10 Figure 10: Same as Fig. 9 for the NCG model under UATT (Y axis) at 4000 K. The full trajectory is available as supplementary movie M8.

Figure 11 :

 11 Figure 11: Snapshots of the NCG model under UATT (Y axis) at 5000 K. The green square highlights the spontaneous formation (and migration) of a SW defect in a crystalline area. The orange square shows an early stage of melting near the convergence of two fracture fronts threw the periodic boundary (x-axis). The full trajectory is available as supplementary movie M9.

  an analysis of in-plane non affine displacements of the PG and NCG models close to the fracture initiation. The in-plane nonaffine displacement of an atom between is defined as u na xy = r xy -r 0 xy -u a xy where r xy and r 0 xy represent the in-plane position of the atom in the current and reference configurations, respectively, and u a xy is the in-plane affine displacement of the atom corresponding to a fully homogeneous (homothetic) deformation. In other terms, u na xy defines the local inhomogeneities of the displacements.

Figure 12 :

 12 Figure 12: Snapshots of the PG and NCG systems around crack nucleation with atoms and bonds color-coded according to the atomic in-plane non-affine displacements. (a-c): PG under UATT in the AC direction at (a) 3000 K, (b) 4000 K and (c) 5000 K; (d-f) NCG under UATT alog the Y direction at (d) 3000 K, (e) 4000 K and (f) 5000 K. The reference states for the calculations are the PG at rest and the NCG at ε = 0.05 (i.e. in the linear elastic regime obtained after initial flattening of the structure).

Table 1 :

 1 Comparison of the mechanical properties of pristine graphene extrapolated at 0K (linear fits in Fig.3) with the DFPT calculations of Liu et al.[START_REF] Liu | Ab initio calculation of ideal strength and phonon instability of graphene under tension[END_REF]. Note that the armchair and zigzag directions are inverted in Ref.[START_REF] Liu | Ab initio calculation of ideal strength and phonon instability of graphene under tension[END_REF]; we corrected this in Table1, for consistency.

		DFPT This work
	E AC (GPa) 1050	889
	E ZZ (GPa) 1050	806
	σ AC (GPa)	110	112
	σ ZZ (GPa)	121	133
	ε AC	0.194	0.164
	ε ZZ	0.266	0.233
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Appendix

The pairwise repulsive and attractive terms, V R and V A are expressed as analytical rational functions: 

Supplementary material

Videos of the full UATT trajectories presented in Fig. 2, 4, 5, 6, 7, 9, 10 and 11 are available as movies M1 (AC, 3000 K), M2 (AC, 4000 K), M3

(AC, 5000 K), M4 (ZZ, 3000 K), M5 (ZZ, 4000 K), M6 (ZZ, 5000 K), M7

(Y, 3000 K), M8 (Y, 4000 K), M9 (Y, 5000 K), M10 (X, 3000 K), M11 (X, 4000 K), M12 (X, 5000 K).
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