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Surface Gradient Oxygen-Charging Strengthening of Metals
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Abstract: The surface strengthening technology of metals includes surface chemical heat-treatment, surface quenching
strengthening, surface coating strengthening, surface deformation strengthening and surface severe plastic deformation. This
paper focuses on introducing a brand-new surface strengthening technology: surface gradient oxygen-charging strengthening.
Different from the traditional carburization and nitriding technologies, the surface gradient oxygen-charging technology is an
economic and efficient new way to improve the surface properties of metals. This paper first reviews the development history,
application status and shortcomings of the thermal oxidation and oxygen diffusion hardening methods. Then the paper
introduces the newly developed surface gradient oxygen-charging technology in detail, and expounds the underlying oxygen-
diffusion mechanism and solid solution hardening mechanism. The surface gradient oxygen-charging strengthening technology
has the advantages of wide application range, high oxygenation efficiency, significant strengthening and toughening effect,
simple processing, low cost, economic, energy saving and good biocompatibility. It has a great application potential as a new

way of surface strengthening of metals.
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Table 1 Application and development of surface oxidation technology in metals!'3-2!
Year Material Oxidation Heat treatment Hardness increase  Oxide layer ~ Hardening layer ~Microstructure of Referen
ea atena atmosphere parameters rate/ % thickness/pm  thickness/pm hardening layer elerence
1991 Ti-6A1-7Nb — — 150 — 50 Oxygen-rich a phase [15]
1996  Ti-13Nb-13Zr Air 500 C, 2.5h/6 h  150~250 0.8 2~3 a phase [16]
80vol% Air+
2000 Ti-6A1-4V 20v0l% argon 600 C, 65 h — 2 20 — [17]
2002 Timet550 Air 650 °C, 50 h ~100 0.55 40~50 o phase-contained g
B phase
2005 Ti-6AL4Y Air 900 C, 2 h ~250 — 35 Oxygen-rich [19]
a phase
2011 Zr-2.5Nb Air 685 °C, 10 h ~400 6 20 Nb-rich B phase [20]
2013 Niobium Vacuum 1200 °C, 24 h ~65 — 1.5 BCC Nb [21]
(1073Pa)
2016 Vanadium 0.07 MPa 650 °C, 144 h ~100 — — BCCV [22]
Oxygen
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Fig. 1 Properties and microstructures of Timet550 after thermal oxidation (TO) treatment at 650 °C for 50 h!'*); (a) change curves of the co-

efficient of friction with sliding distance, (b) cross-sectional microhardness variation from sample surface to interior, (c¢) micro mor-

phology of TO oxide layer, (d) cross-sectional microstructure
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Fig. 5 Effect of solute oxygen gradient (SOG) and uniform oxygen (UO) distribution on the hardness of Nb*. (a) schematic diagram of oxy-

gen charging process for Nb tensile test specimen, (b) cross-sectional hardness distribution of coarse-grain Nb with two different solute

oxygen gradient distributions (i.e. , SOG-1 and SOG-2) by oxygen charging for 1 and 3 h, (c¢) cross-sectional hardness distribution of

coarse-grain Nb with two different uniform oxygen distributions (i.e. , UO-1 and UO-2)
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Fig. 6 Tensile engineering stress-strain curve and fracture morphology of oxygen-charged Nb (32,41 (a) engineering stress-strain curve of coarse

grained (CG) Nb and Nb with different oxygen gradient (i.e. , SOG-1Nb and SOG-2Nb) , (b) low magnification SEM image of the frac-
ture surface of CG Nb, (c¢) enlarged SEM image of the dimples marked in fig. 6b for CG Nb, (d) low magnification SEM image of the

fracture surface of SOG-2Nb, (e, f) enlarged SEM images of the dimples and quasi-cleavage morphology marked in fig. 6d for SOG-2Nb,

(g) engineering stress-strain curve of CG Nb and Nb samples with uniform oxygen distribution (UO-1 Nb and UO-2 Nb), (h) low mag-
nification SEM image of the fracture surface of UO-2 Nb, (i) enlarged SEM image of the fracture surface of UO-2 Nb in fig. 6h
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