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Fig. 1. Schematic illustration of atomic oxygen erosion on the surface of VLEO satellite.
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Fig. 3. Sketch of two catalytic reaction mechanisms. (a) ER mechanism; (b) LH mechanism.
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AR I AR B b . FPsi b, BANBCAEATIR R S e, JoR BEmIaniaE m K, A whE
RSN TFHESE T R M IO TR A, KR 2% Cui % 7 SRA NVE (IEM) R
UBEIE. 75 GSTWFTEH, 5 LAY i FE e L 58 0 B T S22 S PR 4 S A 2R o 5 PE B AR SO 0 B
TR Y / A s A R BE IR O AR, 5 BT 1 20 IR iR A FE R B Ay ), o BB/ R R
ARG REHERIT AO RUMMELLY, A AF7R. HFESEERE, HEEMEBIE, IR T A5 %
IR, e e AO JHE el BE T ) AR OSBOE I ] . ESCPR BN T A EESE A ST B BERI, BRI IX
R EE T A SR T, B R MIT IS HGE B VE RS R, X AEM B Y BETH )2 1 5 5 i
1 AO Sty ARG ALY AR, 5 SORFES & o S HERE A BE TR 25 MR et — 20 M . R BE T4 SR
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Fig. 4. Layered treatment of SiC surface under AO erosion in MD simulations.

MRYEHTA KT RMD BB MHFT B2, S 7 X b s i W 28R AR e T & PRt 4, RMD 487
IR At BUBER AR KT 0.256s. Sk 1 Jei B IF e e o, B FRiigrsR 4L, %A s
FAARFFERBCE., AR OFRE i BRI AO ARG Ang SRy 1000 MR . AST AO U 5 BETH
T BCE WK 1, TEABRIE G2 & TR AR SARERT EE, DAR S5 I SCRRE R B A5 R 4 B &
G4, RO AR R B AR 45° —E R ARSI A AT, RLAESY
FrA NS BEIE E R 45°. AhE A0 ME AFR I ASTIXBENLALEHEA , 45° Fhn) T a4l G /e X 5 BE
TIHEATAHEAE I, 5 R AR I DA B FAE A T XA e At

F 1 RHFFEEIUALS AO 54 SCRETIRL

Table 1. Incident AO velocity and nominal surface temperature in this study.

B 5T AO HE/(m-s7) A4 SCRETT IR /K
CASE.1 2000 300
CASE.2 5000 300
CASE.3 5000 1000
CASE.4 5000 2000

BEE AL AO BRI R M, SiC R ZHIAAT N0 33X ik 42 s 1 A AN [] 7873 3C
ik (954249 A BE VT AR E AR TC A RLRE S . Tk DAMELRE 7 RO i RORDRS R, FLYE ™ B2 ARk B L,
2T WAELATE I X 2o A T BV S BREE TR RE BE Y A8 AL, AWFIES T T AR A S AR TR T R
) ST R T A S S A oG LR A vk P, eSS Alpha-Shapes Jy vk B9 3R
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A RGBT . Alpha-Shapes J5 ¥R IH I MRS A IR BE DR B2 Al 2 At
BEAS SR CL Sty O =REF iy MOSUE T EAR (29 3.1A) MEMFERE, 38X alpha fH 0.32.
TESEMRTAR A, HRAE3N(6) DIORLKE 22 i BER I IR Ry SR 8 S B RE TR LR A -

Ry = (N::ur kz_u: (Z (216, y0) — 7)2> (6)

1

HH Nywr #8 Alpha-Shapes JiiARBINER IR T B, Z (2 y) FoRE0_EE & ANETH 2 T7 AR,
Z Fom T 2 ARRRIIE . A SO AS AO A BU USRS G R AO. X R SR,
IS (89] BIFFT r e RS A HE G B R S e — By, DA 5000my/s f) AO {24 300K
(4 SiC BEM MBI, AEREMPRES R SISRGENS, EE R A0 ASBr By i TR HLZ anial 6(b) Frs,
KEE AO BEEELPH T AR 15A YAKIBESS T, Bt 15A JEJE-T 2584 Alpha-Shapes J7 M

B, S8R 6(a). F35b, W 6(c) B, R AGHRTR /MY A0 IR ABERSEMLZ T, J52k

NS AO WAL EREE, (B DAL RES 1 1 FL PR A5 A TR A BT 40 )2 N TR
R = 1/alpha

Kl 5  Alpha-Shapes J5yA TR 32 M 1 B BE 7R T 14

Fig. 5. Schematic diagram of the principle of surface identification using the Alpha-Shapes method.
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KA (TID) TESARA A SEALIR . PN B AL T i Al i BE TS R O B H AR v, X =ANrB

11



(Y) Y=l (7

0 10 20 30 40 50

B K (ps)
(b)
>
i
=
._H
R
Jn
e e o
(@)

€1 6 (a) Alpha-Shapes Jy¥E IR HIGOUMRE BETEREE I (CASE.2); (b) AO ASE (a) BEHIY 2 ALRBaAS
P I ZEs () B (a) BETIRMT AO MAMFS (KR SiC e R 1, Fa WAL AO )

Fig. 6. (a) Sketch of the microscopic rough surface identified by the Alpha-Shapes method (CASE.2);
(b) Variations of the z-coordinate of AOs incident on the surface in (a) over simulation time; (c) Incident
indices of AO adsorbed on the surface in (a) (gray represents the SiC surface atoms, and colored points
represent incident AOs).
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B T e 2 SR HRE TR AL, AO ) IeHS, PRIAE AR AO H k% 500 £ 2 J5 Oo A FFIREM,
XA FIE b B T 1T s 734h, ARBFFEEALRY SiC BET R 21 Jsl 7478k Si, 1 C
J5 1R EAE R AW 5 A4 2 B He il AO, I CO, HFIAEALS 2000 24~ AO 2 )5, MBI
BB 11 5678 R B T A5 5. ARid, MRS H U2 AR S HEA A A I, T ek 57 AN 25 )
ATHEL, TR EAL)Z M 2 AL S5 AW 5 R DI T A PEBTEAAANR] T B Ti R T BE T A G i v S
BRI SN ASTRE AR, S, BERWILE =P B s A B T LF- 7] DA

12



160 -

20

120 ~

w o

80 -

JF 154 H

B 7 BE TS WIEH EEAST AO $(H Nao HZEALTEEL (CASE.3)
Fig. 7. Number of gaseous products in the simulation box varying with the number of incident AO particles
Nao (CASE.3).
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Fig. 10. Distributions of surface density p, C-Si count ratio, and O-Si count ratio when surface roughness
stabilizes, along with a snapshot of the four-layer structure of the surface (CASE.3).
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Table 2. AO trajectories on the surface via different simulation approaches.
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Fig. 15. Variations of z-coordinate for incident AO under different approaches: (a) Single scattering
approach; (b) Continual scattering approach (blue - adsorption; black - scattering within 10 ps; red -
scattering beyond 10 ps; yellow - abrupt changes in motion due to AO collisions).
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Fig. 17. Proportions of various physical and chemical processes of incident AO on the surface under

different simulation conditions.
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Molecular Dynamics Study of SiC Surface
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Abstract

Erosion caused by high-speed incoming atomic oxygen (AO) on the surfaces of Very Low Earth
Orbit (VLEO) vehicles creates micro-roughness, which significantly affects gas-surface interactions such
as gas-molecule momentum/energy accommodation and catalytic reactions, thereby posing challenges to
accurate aerodynamic design of such vehicles. At present, the catalytic coefficients and corresponding
chemical energy accommodation coefficients obtained by different researchers using different experimental
equipments or simulation methods exhibit considerable discrepancies. This is partly due to the lack of
understanding of the mechanisms underlying AO-induced erosion of aerospace materials and the evolution
of surface micro-roughness.

In this paper, the molecular dynamics method, combining the previously-introduced continual and

single scattering approaches, is employed to simulate the dynamic evolution process in which a SiC surface
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undergoes sustained erosion by high-speed AO until a stable micro-roughness morphology is formed. The
influence of the nanoscale roughness on the catalytic reaction mechanism and chemical energy accommo-
dation behavior is explored.

The results indicate that, from the pristine state to the roughness-stabilized state, the surface under-
goes seven stages of evolution, progressively forming a four-layer structure, in which the hopping diffusion
of AO within the surface oxide layer is an important mechanism for the formation of the micro-rough
surface structure. The dominant chemical reaction mechanisms and the principal influencing factors differ
across various stages, which could lead to different reaction coefficients in specific studies if these details
of surface evolution are not properly accounted for. On this basis, the typical physicochemical phenomena
occurring in gas-surface reactions are statistically analyzed, quantitatively reasonable catalytic coeffi-
cients and chemical energy accommodation coefficients are calculated, and the patterns by which incident
molecular velocity, surface temperature, and micro-roughness affect them are investigated. At high sur-
face temperatures, the obtained catalytic coefficients range from 0.3 to 0.4, consistent with experimental
results reported in the literature. At low surface temperatures, however, the catalytic coefficient (0.68)
obtained under high-speed incidence markedly exceeds typical literature values reported. for low-speed
conditions. The chemical energy accommodation coeflicient increases from 0.67 to 0.81 with increasing
surface temperature, slightly higher than literature results for smooth surfaces, consistent with the related
physical analysis. The results underline the influence of nanoscale roughness on chemical energy accom-
modation, and help explain possible reasons for the considerable discrepancies in catalytic data reported
in some of the literature.

This study deepens the understanding of complex gas-surface interactions in high-speed AO environ-
ments, and provides a reference for the aerodynamic design of VLEO vehicles operating near the Kdrman
line. Owing to the limitations imposed by computational cost, this study has obtained only limited quan-
titative data, and some conclusions tend to be qualitative. In this research direction, there remain a
number of issues worthy of further exploration in future work.

Keywords: Very low Earth orbit; Atomic oxygen; Gas-surface interaction; Molecular
dynamics; Surface catalysis
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