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Abstract:

Hydrogen embrittlement has long been an obstacle to the development of safe infrastructure.
However, in contrast to hydrogen's embrittling effect, recent research has revealed that the addition of
hydrogen improves both the strength and uniform elongation of AISI Type 310S austenitic stainless steel.
A detailed understanding of how hydrogen affects the deformation mechanism of this steel could pave
the way for the development of more advanced materials with superior properties. In the present study,
in situ neutron diffraction experiments were conducted on Type 310S steel with and without hydrogen-
charged to investigate the effect of hydrogen on the deformation mechanism. In addition to the effect of
solid-solution strengthening by hydrogen, the g-value, a parameter representing the proportion of edge
and screw dislocations in the accumulated dislocations, was quantitatively evaluated using CMWP
analysis on neutron diffraction patterns. The comparison of q-values between the hydrogen-charged and
non-charged samples reveals that hydrogen has minimal effect on dislocation character in Type 310S
steel.

1. INTRODUCTION

Hydrogen is being considered as alternative carrier to fossil fuels in achieving the goal of “carbon
neutrality”. The construction of a safe hydrogen infrastructure is crucial for realizing a hydrogen-based
society [1]. However, hydrogen is closely associated with steel embrittlement, referred to as "hydrogen
embrittlement," which remains a key challenge in developing safe infrastructure [2].

In contrast to the typical understanding of the hydrogen embrittlement, Ogawa et al. recently
reported that the addition of hydrogen to AISI Type 310S steel enhances both strength and uniform
elongation [3]. The increase in strength was attributed to solid-solution strengthening by hydrogen [3,4],
while the improvement in uniform elongation was explained by an increased work-hardening rate due
to hydrogen-assisted deformation twinning [3,5]. This phenomenon has attracted attention as a potential
method to overcome hydrogen embrittlement. A detailed understanding of hydrogen’s impact on the
deformation mechanism in Type 310S steel is crucial for developing steel materials with improved
properties.

To elucidate hydrogen effect on the deformation mechanism, it is crucial to investigate the influence
of hydrogen on crystal defects such as dislocations and stacking faults. Recently, our group conducted
in situ neutron diffraction experiments on hydrogen-charged Type 310S steel to investigate the impact
of hydrogen on these crystal defects. We analyzed the lattice constant, lattice strain, stacking fault
probability/energy, twin evolution stress, and dislocation density from the obtained neutron diffraction
patterns, and the results will be reported elsewhere [6]. However, the effect of hydrogen on dislocation
characteristics, such as the ratio of edge to screw dislocations in Type 310S steel, remains unclear. In
the case of ferritic steel, neutron diffraction and transmission electron microscopy observations have
demonstrated that hydrogen has a substantial impact on the characteristics of accumulated dislocations
[7]. In contrast, in austenitic Type 316L steel, it has been reported that hydrogen does not influence the
proportion of screw or edge dislocations [8]. These differences are believed to arise from the crystal
structure, but the details remain unclear, and further data collection across various alloy systems is
necessary. In this study, we evaluated the effect of hydrogen on the dislocation characteristics of Type
310S austenitic steel using in situ neutron diffraction.
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2. EXPERIMENTAL PROCEDURES
2.1. Samples

Round bar tensile samples of Type 310S austenitic steel were fabricated from a 20 mm-diameter
rod that was solution heat-treated at 1080°C for 2 minutes, followed by water quenching. The chemical
composition of the sample is shown in Table 1. The parallel section of the sample measured 6 mm in
diameter and 30 mm in length. The sample was exposed to hydrogen gas at 270°C and 100 MPa for 200
hours, conditions suitable for achieving a uniform hydrogen concentration in the parallel section of the
sample [5]. The hydrogen concentration was analyzed using Thermal Desorption Spectroscopy (TDS)
with a gas chromatography system featuring a thermal conductivity detector (JTF-20A, J-SCIENCE
LAB Co., Ltd., Japan). The hydrogen concentration in the hydrogen-charged (H-charged) sample was
measured at 139+1 mass ppm, while it was 4.5+0.5 mass ppm in the non-charged sample.

Table 1. Chemical compositions of the sample (mass %)
Fe Ni Cr Mn Si C P S
Bal. 19.2 24.2 1.10 0.37 0.02 0.02 0.001

2.2. In situ neutron diffraction

Figure 1(a) shows the schematic illustration of the
Engineering Materials Diffractometer, TAKUMI, at the
Materials and Life Science Experimental Facility (MLF)
of the Japan Proton Accelerator Research Complex (J-
PARC). This equipment enables us to obtain neutron
diffraction data during continuous deformation. The H-charged .~~~ ,
North (-90°) detector bank measures the lattice spacing SUS310S steel X Tensile
parallel to the loading direction (LD), while the South 1000 ————————TT T
(+90°) detector bank measures it in the transverse " (b) SUS310S, R.T. 1
direction (TD). In this study, we analyzed data corrected [ -
from the North detector bank. The incident beam size was
set to a width of 5 mm and a height of 8mm using the slit,
and a pair of radial collimators viewing a 5 mm width was
used.

In situ neutron diffraction measurements during
tensile testing were conducted for both H-charged and T T
non-charged samples. The crosshead speed was set to True strain,

0.05 mm/min, corresponding to an initial strain rate of
3x107 sec’!. The strain of the sample was measured o ; )
using the digital image correlation (DIC) technique [9]. the setup for in sifu neutron diffraction
. . ) . measurements using the Engineering
The true stress-strain curves during uniform elongation  \yo0 o1 Diffractometer, TAKUMI. (b)
of the samples are shown in Figure 1(b) [6]. Both Ty syress-strain curves for the H-charged
strength and uniform elongation were enhanced by  (solid line) and non-charged (dotted line)
hydrogen addition, consistent with the previous study  samples during in situ neutron diffraction
[3]. experiments [6].
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Figure 1. (a) The schematic illustration of

2.3. Analysis

Time-sliced in situ neutron diffraction patterns during plastic deformation were obtained with slice
intervals ranging from 90 to 300 seconds, depending on the stress variation within the selected ranges.
The time-sliced data were then used to analyze dislocation characteristics through the Convolutional
Multiple Whole Profile (CMWP) method, which applies a convolutional profile fitting method based
on Wilkens theory [10,11]. The “q-values”, indicating the proportion of edge and screw dislocations
[10], were obtained from the fitting results. For austenitic stainless steel, the q-value is 1.55 for pure
edge dislocations and 2.53 for pure screw dislocations [12]. In the CMWP analysis, the evaluation is
based on changes in diffraction profile shape, although it is known that planar defects, such as stacking
faults, can also affect the peak shape [13]. In this study, the stacking fault probability (Psg) was
calculated using the procedure outlined below, and the CMWP analysis was performed considering the
changes in peak shape.
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The presence of stacking faults causes shifts in peak positions, and the magnitude of peak shift
depends on both the Psp and the peak index [14]. The Psr can be evaluated using the following
equation, which incorporates the apparent lattice strain (¢"*!) [15,16]:

32
Psp = ZZ (222 — £111), ()
The €™ can be calculated as follows:
dhkl _ dhkl
el = T @

where d"™! and dB¥' represent the apparent lattice (d-) spacings during and before deformation,
respectively, as analyzed using Z-Rietveld software [17]. This evaluation method eliminates the peak
shift caused by stress, as the two reflections from the same crystal plane (i.e., 111 and 222) experience
the same magnitude of stress in this experimental setup (Figure. 1(a)).

3. RESULTS AND DISCUSSION
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Figure 2. Typical in situ neutron diffraction patterns for the (a, b) H-charged and (¢, d) non-charged samples,

with applied true strains (&) of (a, ¢) 0.15 and (b, d) 0.30, respectively. The experimental data are represented by
black points, while the CMWP fitting results and the differences are shown by red and blue lines, respectively.

Figure 2 illustrates in situ neutron diffraction patterns obtained during tensile testing. Figures 2(a)
and 2(b) show the results for the H-charged sample at true strains (&;) of 0.15 and 0.30, respectively,
while Figures 2(c) and 2(d) show the results for the non-charged sample at the same true strain levels.
The experimental data are shown as black points, with the fitting results shown as red lines. The
differences between them are displayed at the bottom as blue lines. The experimental results are plotted
on a logarithmic scale, while the differences are plotted on a linear scale. As deformation progresses,
the peak width gradually increases, suggesting the accumulation of dislocations. The lattice constants
of the H-charged and non-charged samples, measured before deformation, were used to calculate the
volume expansion per solute hydrogen atom, which was obtained to be 2.27 + 0.02 A3 per H-atom [6].
Lattice strains were evaluated based on the shifts in diffraction peaks. In the H-charged sample, the
lattice strains deviated from the linear elastic region at higher stress levels compared to the non-charged
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sample. This indicates an increase in the elastic limit g T T T T
or yield strength due to solid-solution hardening [6]. " Pure screw disioation (q=253) ~ """ 7T
Figure 3 shows the evaluated g-values as a 241 ® H-charged
function of true strain. The solid circles show the 20l E%ﬂ B |
result of the H-charged sample, while open circles 3 b }I gﬁf i fooH
i g 20 pih B 1 23! .
correspond to the non-charged sample. As Z o2 & F I {I I
deformation progresses, the g-value gradually 18 BREERE & M SR |

decreased, suggesting an increasing edge dislocation
component, which is consistent with findings in Type 161 _Pure edge dislocation (9= 1.55) _ ___________ ]
316L steel [8]. The lack of a noticeable difference T Y T Y
between the plots of the H-charged and non-charged True strain, &,

materials samplc?s.indic.ates that 139 mass ppm of Figure 3. The g-value of the H-charged (solid
hydrogen has minimal impact on the proportion of  ircles) and non-charged (open circles) samples.
edge and screw dislocations. This negligible

influence is consistent with findings reported in Type 316L steel analyzed by X-ray diffraction [8].
Furthermore, we evaluated the dislocation density and work-hardening behavior due to dislocation
storage and found that the effect of hydrogen was negligible [6]. These results imply that the changes in
mechanical properties due to hydrogen are not caused by its effect on dislocations, but rather by other
factors, such as solid-solution strengthening and deformation twinning, as discussed in our other papers
[6]. The minimal change in dislocation character observed in austenitic steels, such as Type 310S (this
study) and Type 316L [8], indicate that the hydrogen effect is less pronounced in austenitic stainless
steel, in contrast to its significant effect on ferritic steel [7]. Clarifying the reasons for these differences
will help improve our understanding of hydrogen—dislocation interactions.

4. CONCLUSIONS

In this study, the influence of hydrogen on the proportion of dislocation characteristics was
examined through in situ neutron diffraction using TAKUMI. CMWP analysis of the neutron diffraction
patterns revealed that 139 mass ppm of hydrogen has a minimal effect on the stored dislocation
characteristics in Type 310S steel.
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