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Fig. 1. (a) Fe supercell of BCC single crystal, 5% substitutional solution; (b) a polycrystalline Fe model with a side length of 150 A,

where different colours indicate atoms at the boundary and inside grains.
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Table 1.  Lattice parameters of Fe-M systems, and
formation energy of Fe-M and Fe-C-M systems.

BR% oA bA ¢/A A/qu A%@q
1 2.831 2.831 2.831 -0.168 0.565

Cr 3 2.834 2.835 2.835 —0.456 0.690
5 2.838 2.837 2.838 -0.721 0.863

1 2.834 2.834 2.834 0.001 0.738

Mo 3 2.841 2.842 2.841 0.009 1.174
5 2.849 2.848 2.850 -0.003 1.603

1 2.830 2.830 2.830 0.232 0.964

Mn 3 2.829 2.830 2.829 0.756 1.307

5 2.829 2.829 2.828 0.993 1.711

1 2.832 2.832 2.832 -0.387 0.335

As 3 2.837 2.837 2.836 -1.173 0.023
5 2.842 2.843 2.842 -1.983 -0.269

1 2.836 2.836 2.836 0.433 1.169

Sb 3 2.851 2.850 2.849 1.233 3.165
5 2.864 2.868 2.863 1.807 4.969

1 2.839 2.839 2.839 2.125 2.864

Bi 3 2.862 2.859  2.858 6.156 7.641
5 2.878 2.885 2.878 9.758 11.807

1 2.836 2.836 2.836 0.613 1.357

Sn 3 2.851 2.850 2.850 1.663 3.181
5 2.864 2.868 2.864 2.452 4.797

1 2.839 2.839 2.839 2.233 2.976

Pb 3 2.860 2.857  2.858 6.412 7.613
5 2.875 2.880 2.877 10.206 11.695
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Fig. 2. Young’s moduli, bulk moduli, shear moduli and Poisson’s ratio for (a)—(d) Fe-M systems and (e)—(h) Fe-C-M systems with

different M species and concentrations. Dotted line represents moduli and Poisson’s ratio of pure Fe systems.
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Fig. 4. (a)-(d) PDOS of Fe-C-H systems under different H concentrations.
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Fig. 5. Young’s moduli of (a) Fe-H, (b) Fe-C, (c) Fe-Cr, (d) Fe-Mn polycrystalline systems with various doping element content.
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Fig. 6. Tensile stress-strain curves at different doping concentrations: (a) Fe-H, (b) Fe-C, (c¢) Fe-Cr and (d) Fe-Mn binary system;

(e) Fe-C-Cr, (f) Fe-C-Mn ternary system.
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Fig. 7. Influences of (a)—(f) H, C, Cr and Mn on maximum strength and yield strength of Fe polycrystal.
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Fig. 8. (a)—(f) Lattice orientation models of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems under fully relaxed conditions;
(g)—(1) crystal orientation models of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems at maximum strain during stretching.

Different colours indicate different orientations of crystals.
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Fig. 9. (a)—(f) Dislocation configurations of Fe-H, Fe-C, Fe-C-H, Fe-Cr, Fe-Cr-H and Fe-Mn systems after relaxation.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

First principles and molecular dynamics simulations of effect
of dopants on properties of high strength steel
for hydrogen storage vessels”

Hu Ting-He Li Zhi-Hao  Zhang Qian-Fan''

(School of Materials Science and Engineering, Beihang University, Beijing 100191, China)

( Received 31 October 2023; revised manuscript received 6 January 2024 )

Abstract

High-pressure gaseous hydrogen storage is an important way of hydrogen energy storage and transport at
present, while high-strength steel material is one of the main materials used for hydrogen storage vessels.
However, their internal doping elements and inherent defects often lead their mechanical properties to decrease,
thus reducing the pressure-bearing capability and storage life of the vessel. At present, the mechanism of doping
elements influencing the mechanical properties of high-strength steels is still unclear. In this work, a first-
principles approach is used to study the influence of elemental doping (Cr, Mn, Mo, As, Sb, Bi, Sn, Pb) on the
mechanical properties of Fe single crystals and Fe-C systems. The results show that among the above elements,
Mn doping can increase the elastic modulus, bulk modulus, and shear modulus compared with those of pure Fe,
while the doping by remaining elements will reduce the three moduli above, with the non-transition metal
elements having a greater effect on the three moduli than the transition metal elements. Electronic structure
analysis shows that the transition metal elements have better compatibility with the Fe lattice. Molecular
dynamics results further show that the injection of H atoms significantly disrupts the lattice ordering of the Fe
polycrystalline doped by C, Cr, and Mn elements, while the doping of Cr elements can significantly enhance the
dislocation density of the system. The effects of doping elements on the mechanical properties of single-crystal
and polycrystalline Fe, which are studied in this work, are of great significance in guiding the mechanistic study

of the effects of doping and defects on the strength of Fe-based materials.
Keywords: first-principles, molecular dynamics, mechanical properties, crystal defects
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