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Abstract: The effect of hydrogen charging methods on the hydrogen embrittlement characteristics of
tempered martensitic steels were discussed in terms of hydrogen diffusion behavior. Two tempered
martensitic steels with different Si content were fabricated by quenching and tempering. The steel with
high Si content had a lower cementite fraction because the addition of Si changed the morphology of
cementite from a long film-like shape to a short-rod shape by suppressing the precipitation and growth
of the cementite. To evaluate the hydrogen embrittlement resistance of the two tempered martensitic
steels with different Si content, slow strain-rate tensile testing was employed after introducing hydrogen
using three types of hydrogen charging methods (ex-situ electrochemical hydrogen charging, in-situ
electrochemical hydrogen charging, and in-situ high-pressure gaseous hydrogen environment). For the
hydrogen pre-charged tensile specimens using the ex-situ electrochemical charging method, the steel with
high Si content had a better hydrogen embrittlement resistance, with a higher relative reduction in area.
On the other hand, there was no significant difference in the relative notch tensile strength of the two
tempered martensitic steels with different Si content, regardless of the hydrogen charging methods. In
addition, the ex-situ hydrogen charging method exhibited higher relative notch tensile strength compared
to the in-situ hydrogen charging method due to the release of hydrogen during the tensile test, after ex-
situ hydrogen charging. This implies that hydrogen embrittlement resistance can be differently estimated
depending on the kind of hydrogen charging methods.
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Fig. 1. SEM micrographs of the (a) Low Si, and (b) High Si steels.
The longitudinal-short transverse (L-S) planes were observed after
mechanically polishing. The yellow arrows and circles indicate
film-like cementite and short rod-like cementite formed along grain
boundaries, respectively.
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Fig. 2. EBSD inverse pole figure (IPF) and kernel average
misorientation (KAM) maps of the (a, ¢) Low Si, and (b, d) High Si
steels.
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Table 1. Hydrogen embrittlement resistance of the Low Si and High Si steels evaluated by slow strain-rate tensile test according to the

hydrogen charging method.

Relative reduction

Relative notch tensile strength (RNTS)

Steel of area (RRA)
ee
Ex-situ electrochemical Ex-situ electrochemical In-situ electrochemical In-situ high-pressure
charging charging charging gaseous charging
Low Si 0.70 0.90 0.77 0.80
High Si 0.90 0.86 0.76 0.75
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Fig. 3. Slow strain-rate tensile test result of non-charged and H-
charged conditions in smoothed-type tensile specimens for the (a)
Low Si, and (b) High Si steels. Ex-situ electrochemical hydrogen
charging method was employed to evaluate the hydrogen
embrittlement resistance.
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Fig. 4. Slow strain-rate tensile test result of non-charged and H-
charged conditions in notched-type tensile specimens. Ex-situ
electrochemical hydrogen charging method was employed to
evaluate the hydrogen embrittlement resistance.
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charging, dashed bars represent in-situ high-pressure gaseous
(HPG) hydrogen environment, respectively.
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Table 2. Hydrogen contents trapped in each peak of thermal
desorption curve.

Hydrogen content (mass ppm)

Steel
“ Fitpeak | Fitpeak2 Fitpeak3  Total
LowSi 036 3.36 0.16 3.88
HighSi 030 272 0.13 3.15
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Fig. 7. Thermal desorption analysis (TDA) results of the (a) Low Si
and (b) High Si steels where hydrogen was electrochemically pre-
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