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- Visualization of Hydrogen Diffusion Promoted by Stress Gradient and Plastic Deformation in Steels
Akihide NAGAO, Shigeru KURAMOTO, Motohiro KANNO and Tefsuo SHIRAGA

Synopsis : Delayed fracture in steel has been correlated with concentration of hydrogen to the point of crack initiation. In the present study, effects of

plastic deformation and stress gradient on hydrogen diffusion in carbon steels were studied with hydrogen microprint technique (HMT),
which can visualize points of hydrogen emission as silver particles superposed on the microstructure. Three kinds of carbon steels, 0.002% C
steel, 0.45% C steel, and 0.85% C steel were prepared and behavior of hydrogen transport was studied during tensile deformation and under
bending stress. Hydrogen was transported to the surface with gliding dislocations during tensile plastic deformation in ferrite. In pearlite,
however, behavior of hydrogen, which was transported along carbide or carbide—ferrite interfaces, was irrelevant to tensile plastic deforma-
tion. Behavior of hydrogen transport under various stress gradient was also studied in 0.002% C steel. Stress was applied by using a four-
point bending tool, and hydrogen emission was visualized in the area applied with maximal tensile stress. It was demonstrated that even elas-
tic stress gradient promoted hydrogen transport and the amount of hydrogen transport was increased with an increase in stress gradient. Hy-
drogen transport in the plastically bent specimen is expected to be based on the mixed mechanism, including hydrogen transport by moving
dislocation, hydrogen diffusion by stress gradient, and hydrogen diffusion along dislocation core. These factors were separately visualized by

applying HMT to the specimens prepared in appropriate testing conditions.

Key words : hydrogen diffusion; carbon steel; hydrogen microprint technique; stress gradient; plastic deformation; dislocation.
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Table 1. Chemical compositions (mass%).

Steel C Si Mn P S
0.002%C 0.0017 <0.01 0.15 0.015 0.0048
045%C 0.45 0.25 0.44 0.014 0.0015
0.85%C 0.84 0.19 0.74 0.013 0.0013

Fig. 1. SEM micrographs of specimens after electropolish-
ing. (a): 0.002% C, (b): 0.45% C, (¢): 0.85% C.
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Fig. 2. Procedure of hydrogen microprint technique (HMT)
to visualize hydrogen emission during tensile de-
formation. Before emulsion coating, the electropol-
ished side of specimens was covered with protec-
tive film and immersed in 1.4 N HCI solution to in-
troduce hydrogen from the opposite side of obser-
vation.
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Fig. 3. Effect of tensile plastic deformation on hydro-
gen emission in 0.002% C steel. Specimens were
strained by (a): 0%, (b): 5%, (c): 15%, and
(d): 20%.
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Fig. 4. Examples of EDXS spectrum (a): on the white par-
ticles shown in Fig. 3(c, d) and (b): on matrix.

Fig. 5. Effect of plastic deformation on hydrogen emission
in 0.85% C steel. Specimens were strained by
(a): 0% and (b): 20%.
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Fig. 6. Effect of plastic deformation on hydrogen emission
in 0.45% C steel. Specimens were strained by
(a): 0% and (b): 20%.
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Fig. 7. Procedure of HMT to visualize hydrogen emission
under stress gradient. Before emulsion coating, the
electropolished side of specimens was covered with
protective film and cathodically charged with hy-
drogen from the opposite side of observation.
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Fig. 8. Effect of elastic bending stress on hydrogen emission in 0.002% C steel. Specimens were exposed for (a, b): Oh, (c, d):
42 h, and (e, f): 168 h. (a), (c), and (e): exposed without stress, (b), (d), and (f): exposed with bending stress of 160 MPa.



Fig. 9. Effect of bending stress on hydrogen emission in
0.002% C steel. Specimens were exposed for 168 h
with bending stress of (a): 80MPa, and
(b): 220 MPa.
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Fig. 10. Hydrogen emission after plastic deformation in
0.002% C steel. Specimens were covered with nu-
clear emulsion after tensile deformation of 20%,
and exposed for (a): 0.5h and (b): 5h.
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Fig. 11. Mechanisms of hydrogen transport during plastic
bending.

Fig. 12. Hydrogen emission during plastic bending in
0.002% C steel. Specimen was fixed immediately
after bending.
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Fig. 13. Hydrogen emission after plastic deformation in
0.002% C steel. Specimen was covered with nu-
clear emulsion after plastic bending, and exposed
for 168 h.
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