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Fig. 1. Atom arrangement and symmetry sites on Fe(110).
The H adsorption sites are long bridge site (LB), short
bridge site (SB), quasi triple site (TF) and top site (OP),
respectively; the distance between the nearest two Fe atoms
is 2.48 A, the lateral distances from LB, SB, TF sites to OT
sites are 2.02, 1.24, 1.52 A, respectively.
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Fig. 2. Crystal model: (a) 3 x 3 x 4 cell expansion; (b) cut (110) face; (c) pure iron crystal model; (d) 3 x 3 X 4 cell expansion;

(e) cut (110) face; (f) crystal model of medium carbon steel. The green surface is (110) side, the pink surface is the cutting surface,

which is used as the boundary to cut the crystal model, subsequent calculations will add a vacuum layer on the cutting surface.
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Fig. 3. Substrate model: (a) None-doped model; (b) doped
model. When doped, the 135th Fe atom (Fe3;) is the
largest distorted atom on the surface.
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Fig. 4. H-adsorption model (C-doped). Blue atoms repres-
ent body centered atoms; when doped, the whole surface is
distorted, the adsorption site nearest to the C atom is taken
as the research object: OP site is at the top of Fey;, COP
site is at the top of Fe,s5, SB site is between Fe,; and Fe,ss,
LB site is between Fey; and Fey), TF site is in the triangu-
lar region composed of Fey;, Fesy and Fes5.
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Table 1. Parameters of the substrate model at the distortion.
RS % FSZ /S Bk
B dLp d, lpear/s0-0 lpe13s-0 dsp dip d, bpear/50-c lperzs.c
-5.0 2.426 2.665 2.044 1.962 1.438 2.731 2.677 2.482 1.915 1.811
-2.5 2.426 2.735 2.016 1.973 1.421 2.761 2.762 2.447 1.935 1.802
0.0 2.423 2.805 1.994 1.985 1.404 2.773 2.826 2.418 1.952 1.789
2.5 2.434 2.875 1.978 2.002 1.393 2.772 2.884 2.421 1.963 1.789
5.0 2.442 2.946 1.952 2.018 1.379 2.806 2.958 2.446 1.976 1.794

TE: dyp WAENFIIEY, NFey MF e s 2 MAYEIES; dyp o KATFILES, NF ey MFes  Z M RYEEES; d, i RIRAEHIF el 1 (Feyys) BINCR HFel5
TR EIEES, .o HCIR T SEAFefl T Z MK, b o WFelE TR\ TLO Z MIIEES; LR K BERATI A,
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Fig. 5. Spatial distribution of surface Fe atoms: (a) ¢ = -5%; (b) € = -2.5%; (c) € = 0%; (d) € = 2.5%; (e) € = 5%.
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Fig. 6. Differential charge space distribution of OP (a) and COP (b) at ¢ = 0%. The yellow area represents electrons, indicating

high electron density, and the blue area represents electron loss, indicating low electron density.

#2 GEHEE, (AR eV)
Table 2.  Binding energy E;, (Unit: eV).
e/%
oP Ccop SB LB TF oP cop SB LB TF

-5 -2.419 -2.421 -2.911 -2.901 -3.040 -3.105" -2.438 -2.993" -3.002" -2.736
2.5 ~2.360 -2.358 ~2.850 -2.853 -2.979 -3.083" —2.436 -2.985" -2.962" -2.961

0 ~2.360 -2.361 -2.829 -2.893 ~2.969 -3.059" -2.419 -2.975" -2.941" -2.671
2.5 ~2.369 ~2.367 -2.841 -2.937 ~2.990 -3.051" ~2.389 ~2.949" -2.921" ~2.656

5 -2.387 -2.388 -2.849 ~1.411 -3.002 -3.120" ~2.290 -2.847" ~2.840" ~2.560
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Fig. 7. Adsorption results of unstable site (C-doped). The
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Fig. 11. Diffusion analysis: (a) Adsorption structure and binding energy; (b) density of state; (c) diffusion path; (d) diffusion activa-

tion energy.
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Effect of uniaxial pre-strain on H adsorption and
diffusion on C-doped Fe (110) surface”

CAI Yiquan?  YIN YihuiP® LI Jicheng!?

1) (China Academy of Engineering Physics, Institute of Systems Engineering, Mianyang 621900, China)
2) (Key Laboratory of Engineering Materials and Structural Shock Vibration in Sichuan Province, Mianyang 621999, China)

( Received 22 January 2025; revised manuscript received 8 April 2025 )

Abstract

In order to further investigate and improve the mechanism of the interaction between pre-strain/pre-stress
and hydrogen-adsorbed steel (Fe-C alloy) surface at the microstructural level, the first-principles calculations
method is used to study the effects of uniaxial pre-strain on hydrogen adsorption and diffusion on C-doped
Fe(110) surface. The influence of pre-strain on hydrogen adsorption and permeation is investigated from three
aspects: surface atomic spatial configuration, binding energy (£, and electronic structure. The diffusion energy
barriers for hydrogen permeation are calculated in both doped and undoped C atoms. The results demonstrate
that doped C atoms induce octahedral lattice distortion in Fe crystals in different directions, creating
“distortion” on the Fe(110) surface. Variations in distortion degree (D) at different sites and their distances
from C atom lead to inconsistent trends in adsorption configurations (H adsorption height d and unit surface
area Sa) and binding energy (E;) under pre-strain. For adsorption configurations, d is coupled by e and C atom
effects: at the TF . site (non-C-doped site ), d decreases as S, increases; under compression (¢ decreases from
0% to -5%) at TF (C-doped site with C atom directly beneath the site), TFg (C-doped site located closer to the
maximally distorted atom Fe;35) and TFy, sites (C-doped site located farther from the maximally distorted atom
Fe,35), d positively correlates with D, while under tension (e increases from 0% to 5%), d negatively correlates
with Sx. As ¢ increases from 5% to 5%, B, peaks at TF . then declines, whereas F;, at TF decreases initially
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before rising, and E;, at TFg/TF;, monotonically increases. The analysis hows that B, at TFg/TFy, positively is
correlated with the standard deviation (S,) of the three internal angles in the triangular unit. The trend of
diffusion energy barrier (FE,) is opposite to that of E,. When H is adsorbed at C-doped sites, the adsorption
configuration and binding energy calculations indicate that H tends to diffuse inward more readily. However,
electronic structure analysis reveals repulsion between C and H atoms, accompanied by increased diffusion
barriers compared with the scenarios in the undoped cases, causing H atoms to accumulate around C atoms
rather than penetrate the bulk phase, thereby leading hydrogen atoms to embrittle. The calculations of
adsorption configuration, binding energy, and diffusion barrier indicate that at doped sites (TFg site), increasing
tensile strain can contribute to H diffusion into the steel microstructure, whereas compressive strain hinders it.
This explains the engineering phenomenon where “higher carbon content exacerbates hydrogen embrittlement
tendency under equivalent stress” on an atomic scale. This work elucidates the mechanism of H adsorption on
pre-strained Fe-C alloy surfaces from an electronic structure perspective, providing theoretical ideas for studying

hydrogen embrittlement.
Keywords: first principles, a-Fe(C), pre-strain, H adsorption
PACS: 71.15.Mb, 68.43.-h, 73.20.hb DOI: 10.7498/aps.74.20250107
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