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A B S T R A C T   

Hydrogen embrittlement is a form of chemo-mechanical damage that is special in that it can be partially 
reversible. Here, we propose a method for recovering structural alloys from hydrogen embrittlement at room 
temperature by electrochemically biased desorption of hydrogen. We demonstrate that the method can enable 
the reversion of hydrogen-induced degradation of mechanical properties, by comparing the mechanical behavior 
of commercial stainless steel specimens at different hydrogen charging and desorption states. These case studies 
also reveal the influence of electrochemical potential, H content and the characteristics of H trapping sites, on the 
effectiveness of this recovery approach. The limitations arising from the presence of unhealable forms of 
hydrogen damage, and the generic applicability of this electrochemically-assisted recovery method are also 
discussed.   

Regulating hydrogen (H) inventory is fundamental for preventing H 
embrittlement (HE) in structural metals. The transport processes that 
result in H uptake and, in-turn, embrittlement effects, can be classified 
into three steps: (i) H ingress through the material surfaces, (ii) H 
diffusion and trapping inside the material, and (iii) H desorption. In 
order to block the first step, H-ingress, introducing physical H barriers 
such as oxide or nitride layers with low H-permeability is a typical so-
lution [1,2]. The low mechanical reliability of these brittle H barriers, 
however, introduces a limit to their applicability, especially for ambient 
temperature applications [1]. Utilizing chemical inhibitors could be 
another method to reduce H ingress into metals, in applications where 
the hydrogen gas purity is not a critical factor [1]. Once H diffuses in, it 
generally degrades ductility and fracture toughness, through various 
interactions with crystallographic defects [3,4]. HE solutions associated 
with this second step are based on alloy and microstructure design to 
introduce reversible or irreversible H traps [2,5]. Such design solutions, 
in favorable microstructures, can even trigger beneficial effects of H 
uptake, such as solid-solution strengthening or mechanical twinning 
[6–8]. Extensive efforts to prevent HE have been made focusing on these 
two steps, aiming to regulate H ingress and internal interactions as 
briefly described above. Despite the great progress made, H-induced 

failures are still a major concern for a large number of industrial ap-
plications [9,10]. 

Regulating H desorption, the third step, has received relatively less 
attention due to associated practical difficulties. It is widely known that 
thermally-induced desorption can be an effective strategy to remove 
hydrogen from even the deepest microstructural traps [11,12]. In fact, 
this is the basis of thermal desorption spectroscopy, which is widely used 
to measure the H content in a specimen [13]. Yet, several practical 
challenges associated with heat treatments (e.g. surface oxidation, 
temperature control, unwanted phase transformations) render this 
strategy difficult to apply in engineering practice. In this study, we 
propose a new method for preventing steels from hydrogen embrittle-
ment at room temperature (RT), which relies on electrochemically 
biased desorption of H: electrochemical H pumping. We confirmed that 
the method can effectively help several commercial steels to recover 
from the H-induced mechanical degradation, by comparing the tensile 
deformation behavior of H pre-charged specimens after uncontrolled 
desorption in air and electrochemically controlled desorption 
experiments. 

To demonstrate this method, we tested commercial AISI 430 ferritic 
stainless steel (430SS) and AISI 420 martensitic stainless steel (420SS), 
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which meet ASTM A240, to verify the accelerated recovery from HE by 
electrochemical pumping. The compositions of the steel specimens 
provided by their manufacturer are shown in Table 1. The thickness of 
the steel sheets was 0.3 mm. We measured the effective diffusion coef-
ficient (Deff) of the two stainless steels by the electrochemical H- 
permeation method using a Devanathan-Stachurski H-permeation cell, 
according to ASTM G148-97. The steel sheets were cut to tensile test 
specimens (gauge area of 7.5 mm × 5 mm for 430SS, 7.5 mm × 3 mm for 
420SS, respectively) using wire electrical discharge machining, before H 
pre-charging. Electrochemical processes for H pre-charging, Pd elec-
trodeposition and H-removal were performed in a simple three- 
electrode cell described in Fig. S1 in Supplementary Materials. H pre- 
charging was conducted electrochemically in the galvanostatic mode, 
using an aqueous solution of 5 vol% H2SO4 and 3 g/L NH4SCN and a 
platinum (Pt) wire as the electrolyte and counter electrode, respectively. 
For electrochemical H removal, a 0.1 M NaOH solution and a Pt wire 
were used as the electrolyte and counter electrode, respectively. Palla-
dium (Pd) particles were deposited on the specimen surface between the 
H pre-charging and removal process, using a solution of 5 g/L PdCl2 in 
30 vol% NH3•H2O and a constant current density of 1.5 mA/cm2. All 
steps of the electrochemical treatments and property measurements 
were performed promptly right after the previous, in order to minimize 
H loss between the steps. The processes of H-charging, Pd-coating and H- 
removal were conducted within an interval of 15 s (i.e., for quick 
cleaning of specimens and Pt electrodes with deionized water, and 
blowing). Tensile tests were conducted within 60 s after the electro-
chemical treatments, using a Deben MTEST2000 mechanical testing 
system with the maximum strain rate of the machine (8.89 × 10− 4/s) to 
minimize H desorption during the tensile test. The strain values of data 
points in stress-strain curves are recalculated by digital image correla-
tion (DIC) using speckle ink patterns on the sample surface. The amount 
of total H in specimens was measured by the inert gas fusion method 
using a Horiba EMGA-830 ONH analyzer, calibrated with standard steel 
specimens with 2.3 ± 0.4, 4.5 ± 0.4, 6.0 ± 0.5 wppm, respectively. The 
measurements were also performed promptly within 60 s after the 
electrochemical treatments. The Pd layer on the specimens was removed 
before H content measurements by fine polishing using a P4000 SiC 
paper, since the Pd layer can absorb hydrogen desorbed from the 
specimens. No thickness reduction after the Pd removal procedure was 
detected by a micrometer with a resolution of 1 μm. The measurements 
were conducted repeatedly with three specimens for each electro-
chemical treatment condition. The microstructures and fracture surfaces 
of the specimens were observed using a TESCAN MIRA3 scanning 
electron microscope (SEM) and a TESCAN AMBER X SEM equipped with 
an Oxford Instruments Symmetry 3 electron back-scattered diffraction 
(EBSD) detector. 

The electrochemical cell configuration for H-removal is described in 
Fig. 1(a).2 The cell configuration is analogous to the half-cell of the 
oxidation side in the Devanathan-Stachurski H-permeation cell [14]. A 
metallic material that is subject to prevention of or recovery from HE 
works as the anode, and H near the interface between the material and 
the electrolyte is continuously oxidized to protons (H+) in the electrolyte 
and removed from the material. This creates a large concentration 
gradient of H between the inner volume and the surface region of the 
material, which accelerates the H diffusion in the material toward the 
surface and the continuous H removal. The mechanism will be discussed 
in detail later with experimental results. The electrode potential should 
be selected in the range where it is high enough to oxidize atomic H to 
solvated proton while it does not induce severe corrosion of the metal. 
From a cyclic voltammogram of the Pd coated 430SS in Fig. 1(b), the 
redox peaks corresponding to the H reduction and oxidation on Pd 

particles were found at approximately − 0.75 to − 0.25 V versus Hg/HgO 
electrode in 0.1 M NaOH solution, and the potential for H removal from 
the steel could be selected in the plateau region above the redox peaks. 
We tested the H oxidation potential of +0.3 V and +0.6 V versus 
Hg/HgO reference electrode in the potentiostatic mode in this work. 

Pd nanoparticles are introduced on the metal surface as an electro-
catalyst to promote the H oxidation reaction. Fig. 1(c) presents the 
effectiveness of Pd particles on H removal, by comparing H-oxidation 
current density change by time between a bare steel specimen and a Pd- 
coated steel specimen, both pre-charged with H in the same condition. 
The coated specimen shows a higher oxidation current at the initial stage 
compared to the bare specimen, which indicates faster H removal from 
the specimen by Pd. Because the total H content is the same in both 
cases, the H oxidation current in the Pd-coated specimen becomes lower 
than that of the bare specimen after the large H removal in a short time 
at the initial stage. 

We first tested the electrochemically biased recovery of HE in the 
430SS that has a high H diffusivity at RT and is susceptible to HE [15]. 
The 430SS sheet has a microstructure of equiaxed ferrite grains, as 
shown in Fig. 2(a). The grain size of the 430SS is 10.7 μm (estimated 
from the area-weighted mean of the equivalent circle diameter of the 
grains in the EBSD scan). The measured value of effective H-diffusion 
coefficient (Deff) for the 430SS specimen is 1.92 × 10− 12 m2s− 1 (See 
Supplementary Materials for the H-permeation test result). H was 
pre-charged in the 430SS specimens using a current density (ic) of 0.5 
mA cm− 2 for 20 min. The diffusion distance (L) estimated by the 
equation [16], L = 2

̅̅̅̅̅
Dt

√
(where the factor of 2 is applied due to H 

ingress from two surfaces), is ~96 μm. Although the H diffusion distance 
is shorter than the specimen thickness (300 μm), the specimen exhibits a 
clear reduction of fracture strain (εf) and hardening behavior after 
H-charging, as shown in Fig. 2(b). The fracture strain of uncharged 
(H-free) and H-charged specimens are 30.22 ± 0.65% and 18.32 ±
0.58%, respectively (averaged from 4 specimens for each case). The 
embrittlement behavior after H charging is also evidenced by the tran-
sition of fracture surface morphology from ductile fracture with dimples 
(Fig. 3(a,e)) to quasi-cleavage fracture (Fig. 3(b,f)). The quasi-cleavage 
fracture morphology prevailing throughout the whole fracture surface of 
the H-charged specimen indicates that the H-charging condition is se-
vere enough to diffuse H and cause embrittlement throughout the 
specimen thickness. 

Due to its high H diffusivity at RT, the specimen can partially recover 
from HE by H desorption in the ambient condition (i.e. when the spec-
imen is left at room temperature in the air, without electrochemistry3) 
for 12 h (Fig. 2(b)). But even after another 12 h, the uncontrolled 
desorption does not recover the specimen further. Moreover, the frac-
ture surface of the specimen after 24 h-desorption exhibits a mixed mode 
of dimples and quasi-cleavage fracture in a random spatial distribution, 
as shown in Fig. 3(c,g). These can be attributed to the remaining H 
trapped at defects such as grain boundaries and dislocations [2,17–19], 
rather than diffusing towards the free surface even after extended H 
desorption. On the other hand, the electrochemically biased H removal 
can recover the mechanical properties of the H-charged specimen to its 
pristine state (within the error range) in 300 min using the H oxidation 
potential (Vp) of 0.3 V (vs. Hg/HgO reference electrode), as shown in 
Fig. 2(c). The fracture surface of the specimen (Fig. 3(d)) also returns to 
a dimple-dominant morphology and shows a similar reduction of area 
with the uncharged case. The recovery can be accelerated by increasing 
the potential within the range where severe corrosion does not occur. At 
the initial stage of electrochemically-stimulated recovery (~20 min), the 

2 The schematic diagram in Fig. 1(a) only shows an enlarged view between 
the two electrodes. The actual cell used in this work is a simple three-electrode 
cell configuration and is described in Fig. S1 in Supplementary Materials. 

3 It should be noted that those specimens left in the air for the uncontrolled 
desorption does not have any electrodeposited Pd layer, in contrast to the 
specimens subjected to the electrochemically stimulated desorption. The Pd 
layer has only negligible effect on H-desorption without electrochemical stim-
ulation. See Fig. S2 in Supplementary for details. 
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case with Vp = 0.6 V (Fig. 2(d)) exhibits approximately three times 
larger recovery than that with Vp = 0.3 V (Fig. 2(c)), in terms of the 
fraction of fracture strain recovery (–––(εf - εf,H)/(εf,0 - εf,H), where εf,0 and 
εf,H are the fracture strain of uncharged and H-charged specimens, 
respectively). The complete recovery to the original state is able to be 
achieved in 90 min with the higher oxidation potential of Vp = 0.6 V. 
The fraction of recovery from HE in this material depending on recovery 
methods and time is summarized in Fig. 2(e). 

Residual hydrogen contents in the 430SS sheets were also measured 

before and after H-desorption (Fig. 2(f)). The uncharged 430SS has 2.53 
± 0.65 weight ppm (wppm) of H, and H-charging in the tested condition 
loads approximately 5.75 wppm of H into the specimen (total 8.28 ±
0.74 wppm H). H-desorption in ambient air conditions for 24 h removes 
around half of the charged H, reducing the H content to 5.54 ± 0.42 
wppm. On the other hand, the electrochemically biased recovery with 
Vp = 0.6 V for 20 min reduces the H content in the steel to 5.34 ± 0.55 
wppm, which is close to that in the specimen after 24 h-desorption in the 
air. This result corresponds well with the fracture strain recovery shown 
in Fig. 2(e). The electrochemically stimulated recovery for 90 min re-
duces the H content further to 3.64 ± 0.20 wppm. Given that the tensile 
specimens recovered in the same electrochemical condition exhibit 
comparable ductility with the uncharged specimen, ~1 wppm residue of 
charged H might be lower than a threshold level of H causing embrit-
tlement. The results prove that the electrochemical method significantly 
promotes H desorption from the material and is able to fully recover 
from HE quickly, which is difficult by the uncontrolled desorption into 
the air in the short time scale. 

An intriguing point of this electrochemically assisted H-removal is 
that oxidizing atomic H just at the surface effectively stimulates the 
accelerated desorption of H. The electrical current does not directly 
carry or move the internal H. The anodic potential applied to the spec-
imen oxidizes H only at the material surface, which are either solute H in 
the first atomic layer at the surface or chemisorbed H atoms that can far 
exceed the amount of solute H at the surface (the physisorbed H2 mol-
ecules can be disregarded here due to their weak bonding to the surface 
[20]). The comparison result between desorption in the ambient air 
condition and in the electrochemically-assisted condition in Fig. 2 re-
veals that the surface H impedes the removal of internal H. The chem-
isorbed hydrogen atoms must recombine to H2 molecules before leaving 
the surface in the ambient air and the recombination rate depends on the 
distance between H atoms, or H coverage at the surface [20]. The 
adsorption energy of chemisorbed H on metal surface ranges from 
around 50 to 150 kJ/mol [20], which is similar to or higher than 
H-binding energy at strong trapping sites in microstructure [2]. In other 
words, the surface H is difficult to be removed by natural desorption in 
the ambient air at RT. On the other hand, the electrochemical oxidation 
of surface H to H+can effectively remove the surface-abundant H and 
accelerates the egress of internal H towards the material surface, which 
is proved by the results in Fig. 2. 

We also tested the effectiveness of electrochemically-stimulated HE 
recovery in a high-strength martensitic stainless steel, 420SS, as high- 
strength steels with tensile strengths above 950 MPa are generally sus-
ceptible to HE [21]. The 420SS has a lower value of effective H-diffusion 
coefficient (Deff = 7.94 × 10− 13 m2 s− 1) than the ferritic 430SS. The 
microstructure of the 420SS tested in this work is shown in Fig. 4(a). The 
material consists of fine martensite laths and carbide precipitates under 
1 μm (the elliptical phase in a dark contrast in the BSE image), including 
a high density of H-trapping sites such as martensite block/packet 
boundaries,4 prior austenite grain boundary, carbide-matrix interface, 
as well as high-density dislocation tangles in the martensite laths [4,22]. 
The prior-austenite grain size of the tested 420SS is 15.2 μm (estimated 
from the characteristic domain size of disorientation distance function 

Table 1 
Alloy compositions of AISI 430SS and 420SS tested in this work.  

Elements [wt.%] Fe C Cr Mn Mo P Si S V 

430SS 79.30–83.93 0–0.12 16–18 0–1 0–0.5 0.04 0–1 0.03 – 
420SS 82.17–87.15 0.15–0.46 12–14 0.4–1 0–1 0–0.04 0–1 0–0.03 0.3  

Fig. 1. (a) Schematic diagram of the electrochemical H-pumping cell. (b) 
Determination of H oxidation potential in a cyclic voltammogram. (c) H- 
oxidation curves from the H pre-charged 420SS specimen surfaces with and 
without Pd catalyst particles. The inset image shows the electrodeposited Pd 
particles on the steel surface. 

4 Although the H-trapping energies of martensite block/packet boundaries 
have not been specifically reported [22], these martensitic boundaries could be 
regarded as weak H-trapping sites based on earlier simulations [29,30] and 
experimental results [31]. 
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[23] using the EBSD scan). This high-strength steel with the ultimate 
tensile strength near 1900 MPa shows clear embrittlement behavior 
even after H-charging in a relatively mild condition (Condition I: ic =

0.1 mA cm− 2, t = 5 min), as presented in Fig. 4(b). Although the esti-
mated diffusion distance (L) of hydrogen in 5 min is only ~30 μm in this 
420SS, the fracture strain is significantly reduced from 9.37 ± 0.18% of 
uncharged specimens to 4.78 ± 0.19% of H-charged specimens (aver-
aged from 3 specimens for each case). In contrast to the ferritic 430SS, 
H-induced hardening is not observed in this martensitic steel. The tensile 
curves in Fig. 4(b) demonstrate that the electrochemically-stimulated H 
removal can also recover the 420SS from HE. With increasing the re-
covery time, the fracture strain of the specimens gradually recovers close 
to the pristine state. The amount of recovery by 20 min-electrochemical 

treatment is close to that by the uncontrolled desorption into the air for 
24 h, and the material can be completely recovered from HE electro-
chemically in 60 min. Residual hydrogen contents in the 420SS sheets 
were also measured before and after H-desorption. The uncharged 
420SS has 1.69 ± 0.37 wppm of H, and H-charging in condition I adds 
approximately 2.09 wppm of H into the specimen (total 3.78 ± 0.35 
wppm H). The electrochemical treatments for 20 and 60 min reduce the 
H content in H-charged specimens to 3.16 ± 0.22 and 2.43 ± 0.46 
wppm, respectively. This demonstrates that the degree of embrittlement 
in the martensitic 420SS is more sensitive to the H content compared to 
the case of the ferritic 430SS. Similar to the case of 430SS, ~ 0.8 wppm 
residue of charged H in the 420SS electrochemically treated for 60 min 
does not cause macroscopic embrittlement, as presented in Fig. 4(b). The 

Fig. 2. (a) Back-scattered electron (BSE) image of the ferritic 430SS specimen. The inset is an inverse pole figure (IPF) map obtained from EBSD analysis. (b–d) 
Tensile stress-strain curves of 430SS specimens in uncharged and H-charged states, and (b) after H-desorption into the air, (c) after electrochemical (EC)-recovery 
with Vp = 0.3 V and (d) with Vp = 0.6 V (vs. Hg/HgO electrode). (e) Comparison of the fraction of recovery from HE among (b–d), in terms of fracture strain. (f) 
Comparison of the hydrogen contents in the 430SS specimens before, after H-charging, after H-desorption in the air and after EC-recovery with Vp = 0.6 V vs. Hg/ 
HgO, respectively. 
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residual H could be mostly trapped at the carbide interface that is 
generally a strong H-trapping site [2]. The carbide interface acts as a 
preferential crack nucleation site but has only a negligible effect on 
crack propagation (even with H), which will be discussed later with 
Fig. 5. 

After H-charging in a harsher condition (Condition II: ic = 0.5 mA 
cm− 2, t = 20 min, L ~ 61 μm), however, the H-induced degradation of 
tensile properties was difficult to be recovered completely by H pump-
ing, as shown in Fig. 4(c). The specimen after the severe H ingress fails 
even before reaching its original yield point, and the fracture strain 
averaged from 3 specimens is only 0.33 ± 0.02% in the H-charged state. 
Similar to the case of Condition I, the effect of 20 min-electrochemical 
treatment is nearly equivalent to that of the uncontrolled desorption for 
24 h, but a longer electrochemical treatment (e.g. up to 60 min) was not 
effective for further HE recovery in this severely H-charged case. The 
fraction of recovery from HE in this 420SS specimen depending on H- 
charging conditions is summarized in Fig. 4(d). The measurement of the 
H contents (Fig. 5(e)) demonstrate that although a large portion of the 
charged H was removed by the electrochemically-stimulated desorption, 
the residue of charged H around 2.8 wppm still causes embrittlement of 
the steel. This means that, in addition to a “healable degradation” 
component in HE that disappears when the H is pumped out, there is an 
“unhealable degradation” component in HE that persists even after most 
of the diffusible H is pumped away. Cracks or deformation effects, which 
are unhealable using the proposed method, were not observed in the 
near-surface regions directly influenced by H-charging in the harsh 
condition (See Figs. S4 and S5 in Supplementary Materials). The 
unhealable degradation in HE of the martensitic 420SS could be 
attributed to the higher density of crystallographic defects in the 
martensitic steel, which can cause bubble-to-void transition when there 
is a large enough amount of trapped H at the crystallographic defects. It 
is known in the theory of gas-containing cavities [24,25] that at low gas 
chemical potential (partial pressure), there can be two different regimes 
of opening or cavities: a small-sized “bubble” regime that is thermody-
namically stable, separated from large-sized “void” regime by a 
free-energy saddle point. But there can be a critical gas partial pressure, 
exceeding which the bubble regime loses stability (essentially merging 
with the “void” regime) and grows in radius in an unbounded fashion. 
These larger-sized voids, once formed, even if the gas partial pressure is 

retracted to smaller values, will not shrink, and thus can represent 
“unhealable degradation”. In other words, once the local conditions of 
stress and hydrogen partial pressure cause a supercritical damage (void 
or crack of sufficiently large size), likely around some pre-existing in-
terfaces, then even if the hydrogen partial pressure is reduced later, they 
will not heal. In extreme cases, the H bubbles can evolve into H blisters 
that are obvious unhealable damage incidents, as shown in an example 
of cold-rolled carbon steel in Supplementary Material. In contrast, the 
ferritic 430SS may not have reached such a critical condition, and 
therefore all its H-induced degradation of mechanical properties is still 
in the healable regime, that can disappear when the hydrogen is 
retracted. 

We observed fractured specimens using SEM to investigate the effect 
of H-charging and electrochemically-stimulated healing in the damage 
evolution process in the martensitic steel. Series of SEM images were 
obtained along the polished cross-section of the fractured specimen, 
from the fractured edge (high local strain region) to the interior (low 
local strain region). The distributions of damage incidents and damage 
size were collected by image analysis (ImageJ [26]) from local image 
areas, and the damage data of each region was matched with the average 
local strain value of the region measured by DIC. Fig. 5(a) shows typical 
damage incidents observed in the specimens. Every damage incident 
was observed to be neighboring round carbide precipitates. All speci-
mens analyzed exhibit the same trends that the number density of 
observed damages (Fig. 5(b)) increases by local strain, while the damage 
size does not vary significantly with increasing local strain. In other 
words, only the small damage incidents nucleated at the carbide-matrix 
interface were observed regardless of local strain level and H content in 
the material, and no larger cracks propagated from the damages were 
observed other than the major crack causing fracture. This indicates that 
H content does not alter the damage nucleation process but significantly 
reduces the resistance to crack propagation (i.e. fracture toughness), and 
once the micron-sized damage nucleated at the interface begins to 
propagate it evolves to a major crack immediately. This implies that the 
HE behavior of the 420SS is controlled by H trapped in the martensite 
microstructure (e.g. packet, block boundaries [4,22]) or possibly in the 
retained austenite [22,27], rather than that in the carbide interface 
which is known to be a strong H trapping site [2,5,22]. Overall, the 
results of tensile tests and damage analysis suggest that the efficiency of 

Fig. 3. Secondary electron images of fracture surfaces in 430SS specimens (a) uncharged, (b) H-charged, (c) aged in the air for 24 h, and (d) after electrochemically 
stimulated recovery for 300 min with Vp = 0.3 V. (e,f) Magnified images of (e) the uncharged specimen dominated by dimples, (f) quasi-cleavage fracture surface of 
the H-charged specimen, and (g) fracture surface with a mixed mode in the specimen of (c). 
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electrochemically-assisted recovery of HE depends on the types and 
density of H trapping sites, as well as the amount of H existing in the 
material. 

This work demonstrates that electrochemical potential can be used to 
create a large driving force to desorb H from steels even at room tem-
perature, and heal the materials from hydrogen embrittlement effi-
ciently. The effectiveness of the electrochemically stimulated recovery is 
influenced by H-pumping conditions (e.g. H oxidation potential) and the 
type of steel, especially by H traps existing in the materials. Investigation 
of H trapping sites in different states after H-charging and recovery 
treatment using dedicated techniques such as thermal desorption spec-
troscopy would provide in-depth understanding of the healable and 
unhealable chemo-mechanical degradations by hydrogen, calling for 

future research. 
As demonstrated in the case study of 420 SS with different charging 

times, the applicability of the method is also affected by the depth of 
trapped H (or material thickness) when it is applied to recover internal 
H. On the other hand, this electrochemical method of anodic polariza-
tion can be utilized to prevent unhealable HE by removing H continu-
ously at the surface where the material is in contact with H source and 
blocking H ingress and accumulation within the material at source. 
Although this study was used in a wet environment with an aqueous 
electrolyte to verify the effectiveness of the methodology, the cell 
configuration could be modified in various ways. For example, a solid- 
state cell can be designed by substituting the electrolyte with a 
proton-conductive solid [28] or soft membrane, which would possess 

Fig. 4. (a) Microstructure images of the martensitic 420SS specimen - an IPF map (left), a band contrast image (middle) from a EBSD scan and a BSE image in a high 
magnification (right). The elliptical phase in a dark contrast in the BSE image is carbide precipitates. (b) Recovery of 420SS from the H-charged state of Condition I 
(ic = 0.1 mA/cm2, t = 5 min). (c) Recovery of 420SS from the H-charged state of Condition II (ic = 0.5 mA/cm2, t = 20 min). The H oxidation potential was 0.6 V vs. 
Hg/HgO for both cases of (b) and (c). (d) Comparison of the fraction of recovery from HE from the two different H-charged conditions, in terms of fracture strain. (e) 
Comparison of the hydrogen contents in 420SS specimens before, after H-charging in different conditions and after electrochemically stimulated recovery. 
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broader applicability to structural materials in hydrogen-rich 
environments. 
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