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Effect of Hydrogen on Evolution of Deformation
Microstructure in 2Mn-0.1C Ferritic Steel

1. Introduction

Deterioration of the mechanical properties of
metals and alloys by hydrogen is known as hydrogen
embrittlement. Hydrogen-related quasi-cleavage (QC)
fracture, one of the typical fracture modes of hydrogen
embrittlement, occurs along a non-cleavage planein a
transgranular manner. We previously found that the QC
fracture propagated parallel to {011} planes both in mar-
tensitic steel and ferritic steel [1, 2]. These results sug-
gested that the mechanism of the QC fracture is closely
related to plastic deformation because {011} plane cor-
responds to the slip plane in body-centered cubic (BCC)
crystals. Therefore, further study on the effect of hydro-
gen on plastic deformation is needed to understand the
mechanism of the QC fracture.

In this study, we characterized the evolution of the
deformation microstructure in a hydrogen-charged
steel with ferrite microstructure [3].

2. Experimental

A 2Mn-0.1C (mass%) steel with ferrite (87%) and
pearlite (13%) phases was used in this study. Sheet-type
tensile test specimens with a gauge length of 10 mm, a
width of 5 mm, and a thickness of 1 mm were cathodi-
cally pre-charged with hydrogen in an aqueous solu-
tion (3% NaCl + 3 g L' NH,SCN) at a current density of
5 Am 2 Uniaxial tensile tests were performed at a strain
rate of 8.3 x 10°®s', at ambient temperature under hy-
drogen concurrent-charging condition (same as the
pre-charging condition). Some of the tensile tests were
stopped and the specimens were unloaded at strain
amounts of 3%, 11.5%, 20%, and 24% corresponding to

the end of the Luders deformation, the middle point of
work hardening, the ultimate tensile strength, and prior
to the final rupture, respectively.

The tensile-tested and unloaded specimens at strain
amounts of 3%-20% were analyzed by neutron diffrac-
tion using BL19 “TAKUMI” in J-PARC. From the obtained
neutron diffraction profiles, the dislocation densities
and the fractions of screw/edge dislocations were evalu-
ated by a convolutional multiple whole profile (CMWP)
fitting proposed by Ungar [4]. The microstructures of
the tensile-tested and neutron-diffraction-measured
specimens were characterized by scanning transmis-
sion electron microscopy (STEM). TEM is very useful in
characterizing the dislocation morphology, character,
and density. However, the disadvantage of TEM is the
limited observation area. In contrast, we can obtain bulk
average information from neutron diffraction. Using
TEM and neutron diffraction together, we characterized
the deformation microstructure from bulk to nanoscale.

3. Results and discussion

Figure 1(a) shows the nominal stress—nominal strain
curves and dislocation densities. Although the total
elongation of the hydrogen-charged specimen (red,
27%) is much smaller than that of the uncharged speci-
men (black, 48%), the dislocation densities are hardly
affected by the presence of hydrogen at the correspond-
ing strain amounts. We note that a certain amount of dis-
location that forms cell boundaries is excluded in Fig. 1
because their elastic strain fields mutually cancel each
other. Figure 1(b) shows the fractions of screw/edge
dislocations estimated from the neutron diffraction
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Figure 1. (a) Nominal stress—-nominal strain curves and dislocation densities, (b) fractions of screw and edge dislocations, (c) screw
dislocation densities of the uncharged specimens (black, circle marks) and the hydrogen-charged specimens (red, triangle

marks) [3].
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analysis. The left and right axes indicate the fractions
of the edge and screw components, respectively. In the
uncharged specimens (black circle marks), almost all of
the dislocations were screw-type at the initial stage of
deformation (e = 3%), and the fraction of the edge com-
ponent increased monotonically with increasing strain.
In contrast, in the hydrogen-charged specimens (red
triangle marks), almost equal fractions of screw/edge
components were present and did not vary greatly with
the strain amount. From the dislocation density data
(Fig. 1(a)) and the fractions of the dislocations (Fig. 1(b)),
we calculated the individual densities of each type of
dislocations. Figure 1(c) shows the changes in the screw
dislocation density with strain amount. We found that
the screw dislocation density in the hydrogen-charged
specimen was much higher than that of the uncharged
specimen at the later stage of deformation (e = 20%).
Figures 2(a, d) show low-magnification STEM im-
ages of the dislocation morphologies in the uncharged
and hydrogen-charged specimens, respectively, at
e = 3%. The dislocations are linear in the uncharged
specimen, while they are curved and tangled in the
hydrogen-charged specimen. To further investigate the
deformation microstructure, the nature of the disloca-
tions was characterized. Figures 2(b, e) show high-mag-
nification STEM images of the deformed microstructure
in the uncharged and hydrogen-charged specimens,
respectively, at e = 3%. Figures 2(c, f) are the schematic
illustrations of the dislocation configurations in (b, e),

respectively, where the Burgers vectors of the disloca-
tions determined by the g - b =0 invisibility criterion are
represented by different colors. In the uncharged speci-
men, almost all the observed dislocation loops elon-
gated parallel to their Burgers vectors, suggesting that
they have a large screw component. On the other hand,
in the hydrogen-charged specimen, many dislocations
have a large edge component as indicated by arrows
in Fig. 2(f). Accordingly, the results demonstrated that
the fractions of screw/edge dislocations estimated from
the neutron diffraction analysis (Fig. 1(b)) were consist-
ent with the real dislocation nature observed by STEM.
We also confirmed that the fraction of each dislocation
component was consistent between neutron diffraction
and STEM at e = 20%.

It is widely accepted that in BCC transition metals,
edge dislocations have greater mobility than screw dis-
locations because of the higher Peierls potential of screw
dislocations, leading to screw-segment-elongated
dislocation loops at the initial stage of deformation [5].
This is consistent with the present microstructure in
the uncharged specimen. On the other hand, in the
hydrogen-charged specimen, many edge-segment-
elongated dislocation loops were observed. Thus, the
results strongly suggest that the relative velocity of
screw dislocation to edge dislocation was increased by
hydrogen. Itakura et al. [6] performed first-principles
calculations and reported that hydrogen reduced the
activation energy for kink-pair nucleation, which led to a
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Figure 2. (3, d) low-magnification and (b, e) high-magnification STEM images of the dislocation morphologies under two-beam
conditions (g = 011) at a strain amount of 3%. (c, f) Schematic illustrations of the dislocation configurations corre-
sponding (b, e), respectively, where the Burgers vectors of the dislocations determined by contrast analysis are repre-
sented by different colors [3]. (a—c) and (d—f) show the uncharged and hydrogen-charged specimens, respectively.
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decrease in the critical shear stress for screw dislocation
motion. In addition, using molecular dynamics simula-
tions, Matsumoto et al. [7] reported that the motion of
edge dislocations was significantly damped by hydro-
gen. Therefore, we can consider that the tangled dislo-
cation morphology in the hydrogen-charged specimen
resulted from the frequent cutting of screw dislocations
due to the increase in their relative velocity.

At a strain amount of 24%, well-developed disloca-
tion cell structures, the so-called low energy dislocation
structures (LEDS), were observed both in the uncharged
and hydrogen-charged specimens. The statistical dis-
tributions of LEDS size (d,zms) and misorientation of
LEDS boundaries (6,¢ps) are summarized in Fig. 3(a, b),
respectively. The d,,ps was smaller and 6,¢ps was larger
in the hydrogen-charged specimen than those in the
uncharged specimen, suggesting that the amount of
dislocation constituting LEDS boundaries was larger in
the hydrogen-charged specimen. As explained previ-
ously, a certain amount of dislocation constituting the
LEDS boundaries was not involved in the dislocation
densities derived from the neutron diffraction analysis
(Fig. 1(a)). Therefore, the amount of excluded disloca-
tion in the neutron diffraction analysis should be larger
in the hydrogen-charged specimen and the density of
total dislocations (existing outside the LEDS boundaries
and constituting LEDS boundaries) was higher in the
hydrogen-charged specimen.
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4. Conclusions

In this study, the effect of hydrogen on the evolu-
tion of the deformation microstructure in 2Mn-0.1C
steel mainly composed of ferrite microstructure was
systematically investigated. We found that the densi-
ties of the total dislocations (existing outside the LEDS
boundaries and constituting LEDS boundaries) were
higher in the hydrogen-charged specimens. In addition,
we conclude that hydrogen increases the relative mobil-
ity of screw dislocations to edge dislocation, leading to
the frequent cutting of screw dislocations and tangled
dislocation morphology.
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Figure 3. Statistical distribution of (a) LEDS size (d,¢s) and (b) misorientation of LEDS boundaries (8,¢ps) of
the microstructures at a strain amount of 24% [3]. The red, green, and black bars indicate areas
1 mm from the crack tip in the hydrogen-charged specimen, just beneath the quasi-cleavage
surface in the hydrogen-charged specimen, and the uncharged specimen, respectively.
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