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Abstract 17 

Hyperthermal atomic oxygen (AO) bombardment to thermal protection system 18 

(TPS) surface has been identified to impact the aerodynamic heating significantly, due 19 

to complex chemical reactions at the gas-solid interface, e.g. surface catalysis 20 

recombination, oxidation and ablation. Previous investigations have focused on surface 21 



temperature effects on the AO collision process, while the influence of impacting gas 1 

characteristics still remains unclear  under various non-equilibrium aerodynamic 2 

conditions. This work conducts  a Reactive Molecular Dynamics (RMD) study of AO 3 

collisions over graphene surface at the atomistic scale, by considering the incoming gas 4 

at different translational energy (0.1≤Ek≤10 eV), incident angle (θ = 15°, 30°, 45°, 5 

60°, 75°, 90°) and  O/O2 ratio (χO2=0.00 ,0.25, 0.50, 0.75, 1.00). The RMD results 6 

indicate that for AO normal incidence, the predominant reactive products of O2, CO 7 

and CO2 molecules are produced  due to the synergistic catalytic recombination and 8 

surface ablation reaction effects. A maximum recombination performance is identified 9 

around 5-eV AO incidence. For off-normal AO incidence, the recombination 10 

coefficient increases with the increase of incidence angle from 15° to 60° due to the 11 

larger perpendicular components of translational energy, and then decreases smoothly. 12 

With the increase of  mole fraction of O2, the surface reflection probabilities increases, 13 

which results in the decrease of  both catalytic recombination and ablation activities . 14 

Via revealing the atomistic-scale mechanism of gas effects  on the surface under 15 

hypersonic non-equilibrium conditions, . this work sheds light for the future design and 16 

optimisation of thermal protection materials. 17 

 18 
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 22 
1. Introduction 23 

In low Earth orbit, the high speed compresses the air near the vehicle surface 24 

and can raise the temperature to several thousands of Kelvin through aerothermal action 25 

[1-3]. Among many gaseous species like O, N2, O2, Ar, He, and H, atomic oxygen (AO), 26 



which is generated by UV or high temperature, is regarded as the most hazardous to the 1 

flight vehicle [4-7]. Hypervelocity AOs collide to vehicles and interact both chemically 2 

and mechanically with surface. Predicting these interactions with the surface is 3 

important when designing the thermal protection system (TPS) to protect vehicles from 4 

severe aerodynamic heating [8-11]. Therefore, gas-surface collision dynamics under 5 

severe conditions have been investigated for a variety of surfaces both theoretically and 6 

experimentally [12-17]. Molecular beam experiments were performed where  certain 7 

gas was induced and  collided with various neat metallics, nonmetallic, polymers and 8 

composites under different experimental conditions [18-20]. However considering the 9 

multiple influential factors, a clear understanding of  the AO impact effects leading to  10 

the disintegration is still experimentally challenging [21-23]. To this end, molecular 11 

dynamics (MD) simulations can be used as an alternative to investigate AO degradation 12 

mechanisms on solid surfaces [24-27]. 13 

Especially ReaxFF reactive force field, which was developed by van Duin et al. 14 

[28-34], can be used to simulate the formation and breaking of chemical bonds when 15 

undergoes chemical and mechanical erosion,  known as reactive molecular dynamics 16 

(RMD). RMD investigations on hypersonic gas collisions have been further validated 17 

and developed recently [35-39]. For example, Ashraf et. al. [40] used ReaxFF to 18 

evaluate the disintegration of several thermosetting epoxy polymers upon hypervelocity 19 

AO impact. The simulation results indicated that epoxy with aromatic curative 20 

displayed higher resistance to AO impact due to its stable benzene functionality. Park 21 

et. al. [41, 42] performed RMD simulation of AO collision simulations on 3C-SiC 22 

structures with various surface orientations. It was successfully observed the sensitivity 23 

difference according to the direction and the oxidation mechanism depending on the 24 

surface temperature. Cui et. al. [43] demonstrated the atomistic oxygen colliding with 25 



a graphite surface with an initial translational energy of 5 eV using reactive MD 1 

simulations with ReaxFFC/H/O force field. The simulation was  validated successfully 2 

by some experimental data??, and showed that the established gas-solid interface (GSI) 3 

can be reliably used in assessing interfacial hyper-enthalpy flow reactions Majumder 4 

et. al. [44] studied the energy transfer by RMD for O2 impingement  onto a graphite 5 

surface with a fixed incident angle of  45°. The results showed that the average energy 6 

retained in the O2 translation were linearly related to the initial translation energy. Li et. 7 

al. [45] simulated the conversion of amorphous carbon on the nickel (Ni) surface to 8 

graphene during rapid heat treatment and found that the diffusion behavior of carbon 9 

atoms was affected in the Ni layer due to the low diffusion activation energy of carbon 10 

atoms. The scattering process of N2 impinging on graphite was also simulated to 11 

investigate the effects of angular distribution of N2, the average translational/rotational 12 

energy and the number of rebounds [46, 47]. 13 

Previous experimental and simulation results indicate that the hyper-enthalpy 14 

collision response is not only correlated with the morphology and other properties of 15 

solid surface, e.g. temperature, but also closely dependent on the gas properties / 16 

characteristics, e.g. the collision energies, incident angle and mixing components. 17 

These gas effect, however, still remain unclear. By considering above three impacts of 18 

gas translational energy, initial incident angle and binary O/O2 gas mixing components, 19 

the gas characteristic impacts on collisions over a graphene surface will be focused in 20 

the presented work using RMD simulation method. This simulation extends and follows 21 

a recent study of the dynamics of AO collisions with graphite surface [41]. 22 

 23 
2. Molecular Dynamics Simulation Details 24 

The MD simulations are conducted by using LAMMPS package [48] with 25 

ReaxFF force field [28] to describe the multifield coupled interactions between the 26 



oxygens and graphene surface. The detailed parameters of ReaxFF potentials applied 1 

in this work can be found in the original publications [29], which has been identified to 2 

study the oxidation phenomenon of carbon-based materials properly [30-34]. 3 

Aiming to investigate the graphene film exposed to the hyperthermal AOs, a 4 

gas-solid heterogeneous reaction model is constructed as shown in Figure 1. The model 5 

is composed of both incoming AO flux as the gas phase and a graphene plane as the 6 

solid phase. The single-layer graphene film contains 864 carbon atoms in total with a 7 

size of 51.16 Å × 44.30 Å, where a single oxygen atom is generated every 1.0 ps at a 8 

random horizontal position with 5 Å above from the graphene surface. To study the 9 

various gas effects on the hyperthermal collisions, the impinging AO flux with different 10 

kinetic energy, incident angle and mixing compositions (binary O/O2 mixture) are 11 

considered in this work with graphene film at the fixed temperature at xxx Kelvin. 12 

Moreover, to ensure the centroid position of the single-layer graphene is relatively 13 

stable during the continuous incidence of AOs, the position constraints are added by 14 

fixing the carbon atoms at the four corners of the graphene. 15 

 16 
Figure 1 The initial schematic configuration of hyper-enthalpy AOs colliding with graphene 17 
film 18 
 19 

The whole system energy is firstly minimized to the equilibrium state. After 20 

energy minimization, the Berendsen method was used as the thermostat to control the 21 

graphene film temperature under the NVT ensemble. Periodic boundary conditions are 22 



applied for both x- and y- directions parallel to the graphene, and reflective boundary 1 

conditions were used in the z direction. All the simulations are carried out with a period 2 

of 500 ps with a timestep of 0.10 fs. The trajectories of each atom in the model are 3 

collected every 1000 steps during the AO incidence process for post processing and 4 

analysis. 5 

 6 
3 Results and Discussion 7 

3.1 The effects of the AO impinging translational energy 8 

Aiming to investigate the effect of kinetic energy for AOs colliding on the 9 

graphene surface, eight models were constructed with oxygens impinging normal to the 10 

graphene surface associating with their translation energy of 0.1, 1.0, 2.0, 4.0, 5.0, 6.0, 11 

8.0, 10.0 eV, respectively. 12 

The surface morphology of the graphene film is monitored by tracing the 13 

oxygen trajectories firstly, as shown in Figure 2. It can be observed that the atomic 14 

oxygens are adsorbed on the active sites during the continuous impingement for all the 15 

models, saturating the graphene surface gradually. The final saturation number of the 16 

adsorbed oxygens is almost monotonously increasing with the increase of oxygen 17 

impinging translational energy. Associating with the visualization of the final 18 

configuration snapshots as illustrated in Figure 2(b), various small molecules are 19 

generated and gasified during the collisions, e.g. O2, CO, CO2, etc. Obvious 20 

fragmentations can be observed for the cases with larger translational energy of 21 

incoming AO flux. 22 



 1 
Figure 2 The oxygen adsorption and saturation process for graphene surface. (a) The number 2 
of adsorbed oxygen atoms on the graphene surface with the evolution of time; (b) The final 3 
morphology illustrations of graphene film at 500 ps 4 

 5 

To identify the detailed hyperthermal collision process, the statistic analysis of 6 

various gasified components and the configuration evolutions are illustrated in Figure 7 

3 for the case with impingement translational energy of 10.0 eV: three kinds of 8 

components are released from the surface, where the oxygen molecules (O2) are 9 

generated as the majority in this case due to the recombination from two incoming 10 

atomic oxygens with graphene acting as the catalyzing surface. The carbon atoms are 11 

lost from the original graphene film structure caused by the impact of high enthalpy 12 

oxygen atoms, forming the oxidized products of carbon dioxide and carbon monoxide 13 

molecules, leaving multiple voids on the graphene surface as shown in Figure 3(b). 14 

 15 



 1 
Figure 3 The collision process of impinging oxygens with translational energy of 10.0 eV on 2 
the graphene surface. (a) The statistical number of each gasified composition with the evolution 3 
of time; (b) The configuration snapshots of graphene film with the evolution of time 4 

 5 

The surface catalytic characteristics of graphene surfaces under various 6 

impinging translational kinetic energy of oxygen atoms are analyzed in Figure 4. The 7 

surface catalytic recombination coefficient γ of molecular oxygen species as monitored 8 

in Figure 4(b) is derived from as the ratio of the number flux of reacting particles to 9 

the number flux of impinging particles [49]. Under the incidence of various AO kinetic 10 

energy, the catalytic recombination coefficient γ increases gradually with time and 11 

reaching equilibrium with minor oscillations after about 300 ps. The averaged catalytic 12 

recombination coefficient γave is determined through averaging the instantaneous values 13 

in the last 50.0 ps, as presented in Figure 4(c). A peak value of the averaged catalytic 14 

recombination coefficient γave is surprisingly found for the model with incoming oxygen 15 

translational energy of 5.0 eV, with its maximum γave value around 0.23. This is almost 16 

4 times greater than the minimum catalytic recombination coefficient of 0.06 for the 17 

incoming oxygen translational energy of 0.1 eV. This is due to the factowhen the AO 18 

kinetic energy is greater than 5.0 eV, the oxygen tends to break more epoxy bonds on 19 

the graphene surface, combining with carbon atoms to form CO2 or CO molecules, as 20 

presented in Figure 5. Therefore, the number of recombined oxygen molecules 21 

decreases, leading to the decrease of the catalytic recombination coefficient. The similar 22 



result can be found from the conclusions by Vinogradov and Singh et al. [50, 51]. 1 

 2 

 3 
Figure 4 The surface catalytic characteristics of graphene surfaces under various impinging 4 
translational kinetic energy of oxygen atoms. (a) The number of recombined oxygen molecules 5 
with the evolution of time; (b) The instantaneous statistics of the surface catalytic 6 
recombination coefficient; (c) The averaged surface catalytic recombination coefficient for the 7 
models with different oxygen impinging translational energy. 8 
 9 
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      (a) The number of gasified CO2 molecules       (b) The number of gasified CO molecules 12 

Figure 5 The formation process of both carbon dioxide and carbon monoxide molecules as a 13 



function of time with various impinging translational energy. (a) The number of gasified CO2 1 
molecules (b) The number of gasified CO molecules 2 
 3 

The production process of both carbon dioxide and carbon monoxide molecules 4 

for all the eight models can be found in Figure 5. The ratio of the lost carbon atoms 5 

and the average ablation rate k can be consequently derived as shown in Figure 6. 6 

Differing from the non-linear relations between the catalytic recombination coefficients 7 

and incoming translational energy, there is a significantly positive linear correlation 8 

between the translational energy and erosion rate k. 9 
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         (a)                                                                         (b) 11 
Figure 6. The effect of incoming kinetic energy on the erosion characteristics of graphene. (a) 12 
The ratio of carbon atoms lost from graphene surface as a function of time; (b) The variations 13 
of erosion rate as a function of impinging translational energy. 14 
 15 
 16 
3.2 The effect of AO incident angle on graphene erosion 17 

The impact of AO incident angle on the erosion process of graphene is 18 

investigated through keeping the incoming translational energy of 5.0 eV as a constant 19 

value in this section. In comparison with the normal incidence model (θ = 90°), another 20 

five models are established with fixed initial incident angles θ of 15°, 30°, 45°, 60° and 21 

75°, respectively. After a period of 500 ps RMD simulation, the surface catalysis and 22 

erosion characteristics are further analyzed. 23 

 24 



 1 
(a) θ = 15°                                                            (b) θ = 90° 2 

Figure 7 The configuration evolution of graphene as a function of time, with oxygen incident 3 
angle of (a) θ = 15° and (b) θ = 90° 4 

 5 

Taking the AO incident angles θ of 15° and 90° as examples, the configuration 6 

evolutions of graphene as a function of time are illustrated in Figure 7. It can be 7 

visualized that there is a notable difference for the final morphology at 500 ps between 8 

these two models: more voids due to the hyper-enthalpy collisions are observed when 9 

AOs are incoming normal to the surface, compared with the oblique incidence condition. 10 

To quantitatively denote the ablation magnitude, the effect of AO incident angle on the 11 

erosion process is identified as shown in Figure 8. With the increase of the incident 12 

angles of oxygen atoms, the ablation rates of graphene surface are accelerated. The 13 

number of broken carbon-carbon bonds increases with the incident angles of AO flux, 14 

due to the fact that energy component of the oxygen atoms in the direction 15 

perpendicular to the graphene plane increases. 16 

 17 
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         (a)                                                                         (b) 2 

Figure 8 The effect of atomic-oxygen incident angle on the graphene erosion process. (a) 3 
Number of C-C bond broken with the evolution of time and (b) total number of C-C bond 4 
broken for various incident angle θ situations 5 
 6 

Though a monotonous incline erosion rate with the increase of AO incident angle, 7 

different trend is emerged for the variations of graphene surface catalytic characteristics, 8 

as shown in Figure 9. With various AO incident angles, the catalytic recombination 9 

coefficient γ increases with time, and is in oscillating equilibrium after about 400 ps 10 

from Figure 9(a). The averaged recombination coefficient after equilibrium γave is 11 

calculated as indicated in Figure 9(b): A peak value of γave in relation to the various 12 

incidence angle θ of AOs is emerged at around 60° as seen in Figure 9(b). Possible 13 

reason can be emphasized through visualizing the oxygen trajectory: with the increase 14 

of incident angle θ from 0° to 60°, the probability for impinging oxygen atoms to hit 15 

the preadsorbed oxygen atoms at the active sites of graphene surface is enhanced, 16 

recombining into oxygen molecules and releasing out; as the incident angle θ 17 

continuously increasing greater than 60°, the incoming AO flux tends to change their 18 

behaviors from the recombination activities into the situations of elastic collisions and 19 

reflections, due to larger perpendicular component of kinetic energy normal to the 20 

graphene surface. Instead of recombing into new molecular oxygens, they scatter away 21 

by the surface as a reflector. Similar conclusion of this non-linear relation has also been 22 



drawn by Norman et al. [52] aiming at the impact of oxygen atoms on the silica surface 1 

with various incident angles. 2 
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         (a)                                                                         (b) 4 

Figure 9 The effect of atomic-oxygen incident angle on the graphene surface catalysis. (a) 5 
Instant recombination coefficient γ with the evolution of time and (b) the averaged 6 
recombination coefficient γave with various incident angle θ situations 7 

 8 

3.3 The effects of binary O/O2 gas mixture on the graphene erosion process 9 

The effects of binary O/O2 gas mixture on the graphene erosion process is 10 

focused on with various mole fraction ratio of oxygen molecules χO2 from 0.00 (pure 11 

AO flux as incoming flow) to 1.00 in this session. Same kinetic energy of impinging 12 

collisions with 5.0 eV are employed for comparisons. 13 
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Figure 10 The interactions of oxygen molecules impinging to the graphene surface (a) The 1 
number of various gasified molecules as a function of time for the pure molecular oxygen flow 2 
impingements, χO2 = 1.00 and (b) the final morphology of graphene after the 500-ps collisions 3 
 4 

Taking the mole fraction χO2 = 1.00 of the pure molecular oxygen flow 5 

impingements as an example, a distinct difference can be noticed that only a tiny 6 

amount of CO and CO2 molecules are gasified as shown in Figure 10 after continuous 7 

collisions for 500 ps, compared with pure AO impingement (χO2 = 0.00) as shown in 8 

Figure 5(a, b) when same Ek is applied. Hence, the erosion performance of graphene 9 

surface is found to be weaker in this case. To justify this comparison, various mole 10 

fractions of binary O/O2 gas mixture flow stream collisions on the graphene surface is 11 

presented in Figure 11. The production process of CO and CO2 gasified molecules with 12 

various χO2 inlet boundary can be counted quantitively as a function of time. 13 
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      (a) The number of gasified CO2 molecules       (b) The number of gasified CO molecules 16 

Figure 11 The formation process of both carbon dioxide and carbon monoxide molecules as a 17 
function of time with various mole fraction ratio of binary O/O2 gas mixture. (a) The number 18 
of gasified CO2 molecules (b) The number of gasified CO molecules 19 

 20 

The ablation rates of graphene surface are consequently calculated as shown in 21 

Figure 12. With the increase of molecular oxygen mole fraction χO2 in the binary 22 

species mixture, the ablation process is decelerated due to less carbon lost rate from the 23 

graphene surface. It is indicated that the double bonds in oxygen molecules are more 24 



stable and stronger than the C-O and C-C single bonds under various reaction 1 

conditions during the collisions. The morphology evolutions at the gas/solid interface 2 

as a function of time are illustrated for the inlet conditions χO2 of 0.25 and 0.75, 3 

respectively, in Figure 13. 4 
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         (a)                                                                         (b) 6 
Figure 12 The effect of mole fraction ratio of binary O/O2 gas mixture on the graphene erosion 7 
process. (a) Number of C-C bond broken with the evolution of time and (b) total number of C-8 
C bond broken for various molecular oxygen mole fraction χO2 situations 9 
 10 

 11 
Figure 13 The morphology evolutions at the gas/solid interface as a function of time with the 12 

inlet χO2 conditions of (a, b) 0.25 and (c, d) 0.75. 13 
 14 

The last but not the least, the surface catalysis characteristics of graphene under 15 

various binary O/O2 gas mixture ratio are analyzed as shown in Figure 14. It is 16 



indicated that the recombination possibility is declined nonlinearly with the increasing 1 

amount of O2 components in the binary mixture impingement flow. As a result, the 2 

average recombination coefficient for the inlet condition χO2 of 0.00 is enumerated as a 3 

value of 0.23, while for χO2 varying from 0.25 to 1.00, the γave can be obtained through 4 

our RMD calculations with a value of 0.21, 0.18, 0.11 and 0.00, respectively. 5 
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Figure 14 The effect of mole fraction ratio of binary O/O2 gas mixture on the graphene surface 10 
catalysis. (a) The production process of recombined oxygen molecules with the evolution of 11 
time; (b) Instantaneous recombination coefficient γ with the evolution of time and (c) the 12 
averaged recombination coefficient γave with various inlet χO2 conditions 13 
 14 
 15 
4. Conclusions 16 

The gas effect on the hyper-enthalpy impingement on the graphene surface are 17 

investigated using RMD simulation method with ReaxFF reactive force field. The 18 

surface catalysis and erosion processes are analysed by considering the gas effect with 19 



various incoming translational energy, incident angle and binary mixture component 1 

ratio, respectively. The results indicate that For AO normal incidence, the predominant 2 

reactive products of O2, CO and CO2 molecules are detected due to the catalytic 3 

recombination and surface ablation reaction pathways, respectively. A maximum 4 

recombination performance is identified around 5-eV AO incidence with within the 5 

large investigated range of 0.1 and 10 eV. Both AO adsorption and reflection processes 6 

are recognized during the incidence process, and the adsorption probabilities increase 7 

monotonously with an incline of translational energy. O colliding onto a denser O-8 

preadsorbed surface, produces more O2 molecules. However, with AO translational 9 

energy greater than 5 eV, the stronger atom–surface collisions result in more intense 10 

reflection and erosion phenomenon with carbon atom lost from graphene, which 11 

diminishes further recombination rate increment. 12 

Analogous to the above mechanism, for off-normal AO incidence, the 13 

recombination coefficient grows with an increase of incidence angle from 15° to 60° 14 

due to the larger perpendicular components of translational energy, and then decreases 15 

smoothly. For incoming binary gas mixture containing O and O2, the greater mole 16 

fraction of O2 would enhance reflection probabilities, while both catalytic 17 

recombination and ablation characteristics are found to be restrained. This work can 18 

provide an atomistic-scale mechanism origin insight on the hypersonic non-equilibrium 19 

effects on the thermal boundary layer response due to the gas characterization impacts. 20 
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