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Abstract

Industries seeking to reduce carbon emissions are considering hydrogen as an alternative
fuel or reductive reagent. However, the addition of hydrogen into new and existing infras-
tructure has triggered concerns for materials compatibility, forming a significant barrier
to its implementation. Hydrogen is known to damage and embrittle metals, and despite
growing efforts to generate compatibility data for structural materials under hydrogen
environments, there is no consensus on how hydrogen degrades such material. This is due
to the complex mechanisms in which hydrogen interacts with metals but more so the lack of
standardised testing methods. Electrochemical methods are being used increasingly to gen-
erate hydrogen materials compatibility data. However, for industries to use electrochemical
methods the conditions must be representative of those of gaseous hydrogen environments.
Currently, when comparing mechanical properties by samples produced under gaseous
and electrochemical environments, results show inconstancies in the mechanical properties
produced and reliability issues. In this work, methods of electrochemical hydrogenation
are reviewed in comparison to those under gaseous environments. Differences in the
charging fugacity, surface effects and damage mechanisms are assessed between gaseous
and electrochemical charging that may contribute to the disparities seen in the literature.
Based on this comparative assessment, we identify key knowledge gaps and provide an
approach for future research to address existing uncertainties.

Keywords: hydrogen; hydrogen embrittlement; mechanical properties; cathodic charging;
stainless steel; electrochemical hydrogen

1. Introduction
Despite the drive for fossil fuel-dependent industries to reduce carbon emissions by

using hydrogen in their processes, hydrogen materials compatibility concerns remain a
major barrier to its safe and widespread implementation [1,2]. Australian industries such
as steel, cement and aluminium production plan to integrate hydrogen as an energy source
or a reductive agent into their processes [2]. However, the addition of hydrogen into new
and existing infrastructure has triggered concerns for materials compatibility [2,3].

Significant efforts have been made to address many of the risks around process safety,
storage and handling through developing new recommended practices [4,5]. However,
there remains no consensus on quantifying hydrogen damage [2–4]. This is due to both the
interplay of multiple damage mechanisms by which hydrogen can degrade materials, but
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more so the lack of standardised testing protocols for evaluating a material’s susceptibility
to hydrogen damage [4,6]. This uncertainty directly reduces the adoption of this data into
design codes and lifespan estimates for hydrogen infrastructure, thus impeding the rollout
of hydrogen use in industry.

Hydrogen embrittlement of metals has been observed for more than 150 years [7].
The small atomic size of hydrogen allows it to diffuse into metals and alloys, degrading
ductility, toughness and fatigue resistance [8,9]. Following several unexpected failures of
hydrogen storage vessels, multiple campaigns in the 1960s–1970s generated much of the
empirical data still cited today, mainly focused on aerospace-relevant alloys [10–12]. In
today’s industry, the use of either API RP 941 ‘Nelson curves’ or ISO 11114-4 are standard
practice for choosing material suitable for hydrogen environments [13,14]. However, these
are based primarily on forensic data or qualitative metrics. This limits their applicability to
modern alloys, environments and loading conditions. For infrastructure to be designed
safely and reliably for hydrogen service, it is imperative to accurately quantify how hydro-
gen degrades materials. Integrating hydrogen across industry, energy systems, transport
and supporting infrastructure is projected to require a cumulative global investment of
$US 6–12 trillion by 2050 [15]. Of this, $US 2–4 trillion is expected to be directed towards
the integration of low-emission hydrogen into global industrial systems. A significant
proportion of this investment is influenced by materials reliability and compatibility with
existing infrastructure. Heavy industrial processing assets are typically designed for service
lives of 15–30 years, and depend on accurate predictions of materials degradation under
operational conditions. However, such predictions are not yet adequately supported by
available data. Prolonged exposure to hydrogen environments introduces multiple chal-
lenges across material classes, substantially influencing material selection and long-term
reliability. Recent years have seen a growing body of research on hydrogen embrittlement.
Despite this, uncertainties and inconsistencies in laboratory results have hindered the trans-
lation of experimental findings into robust design rules and reliable lifespan-prediction
models. Mechanical testing standards currently offer a range of testing methods that target
different mechanical features and hydrogen damage mechanisms. Within specific testing
features, results can be highly sensitive to the hydrogen environments adopted [16]. For
example, test environments may involve:

• Pure hydrogen gas at various pressures [17];
• Blends of hydrogen and natural gas in differing ratios [18];
• Aqueous hydrogen-charging media of varying composition combined with applied

cathodic current [19].

Hydrogen can be introduced to the sample either prior to or during the mechanical
testing. The wide range of conditions used, combined with the many different forms of
mechanical testing methods, has led to difficulties in correlating hydrogen concentrations to
mechanical responses [6,19]. To enable the development of robust hydrogen infrastructure,
the inconsistencies in methods used to measure hydrogen embrittlement in materials must
be addressed. In this work, we review methods for hydrogen-charging materials and
the impact the charging method has on mechanical properties. Through this, we seek
to understand the factors that may be contributing to the inconsistencies observed in
the literature.

2. Assessing Materials Compatibility Data in a Hydrogen Environment
When producing materials compatibility data with hydrogen, three aspects must

be considered:

1. Hydrogen charging environment;
2. Hydrogen concentration in the material;

https://doi.org/10.3390/hydrogen7030087

https://doi.org/10.3390/hydrogen7030087


Hydrogen 2026, 7, 87 3 of 21

3. Appropriate mechanical testing.

The charging environment provides the source of hydrogen that diffuses into the
sample, and depends on the type of material, effective pressure and time [8,20]. As
hydrogen diffuses, the concentration within the sample increases. Mechanical testing can
then be done to relate the degradation of mechanical properties to the hydrogen content of
the material. Understanding how the amount of hydrogen alters a material’s mechanical
properties is crucial for industry, because this data will be used to inform design codes
and life estimates of industrial components. The crucial step in this process is knowing
whether the charging environment is reliably and accurately introducing hydrogen into the
mechanical testing sample. Without this step, the mechanical properties observed cannot
be related to the industrial conditions to which the material will be exposed in service.

The two most commonly used hydrogen charging environments are gaseous and
electrochemical, with their key differences in conditions and costs summarised in Table 1.

Table 1. Summary of key differences in conditions and costs between gaseous and electrochemical
hydrogen charging methods.

Conditions Gaseous Electrochemical

Low Fugacity Moderate Low
High Fugacity High Low
Ambient Temperature Yes Yes
High Temperature Yes No

Gaseous hydrogenation is the benchmark for hydrogen charging conditions, as it
is the medium used in industrial processes. However, these high-pressure hydrogen
systems carry significant risks—and hence associated costs—in design verification, safety
components and operation. This limits the accessibility of gaseous testing for groups
wanting to produce hydrogen compatibility data needed for engineering design [1].

Electrochemical hydrogenation is more accessible and cost-effective. In this method,
hydrogen is generated at the surface of a material within an electrolyte bath using a current.
Electrochemical methods eliminate the need for pressure vessels. This significantly reduces
the associated hazards, and hence these methods are becoming used more widely [21,22].
However, for electrochemical methods to be adopted successfully, they must create samples
representative of gaseous charged samples in a controlled and accurate manner. The current
literature shows disparities between the mechanical results obtained under gaseous and
electrochemical charging conditions. These disparities must be addressed if electrochemical
methods are to be adopted to develop hydrogen materials compatibility data.

2.1. Mechanical Properties Under Gaseous and Electrochemical Hydrogen Exposure

Given equivalent concentration and exposure time, once hydrogen enters a material,
the source of hydrogen should not influence the mechanical properties observed. How-
ever, the literature contradicts this, showing that the strength of materials varies widely
between those produced by gaseous and electrochemical environments. Figure 1 compares
the relative strength loss hydrogen embrittlement index (HEI = σUTS-hydrogen/σUTS-air) in
notched tensile (Figure 1a) and standard tensile (Figure 1b) tests on 300-series stainless
steel under both gaseous and electrochemical environments in the literature. Observing the
hydrogen content in the material, the HEI for electrochemically charged samples shows
increasing strength loss with increasing hydrogen content for both testing types. Under gas
charging conditions, irrespective of hydrogen content, the HEI of notched tensile and stan-
dard tensile strengths falls between 75 and 100% and between >90 and 100%, respectively,
with the scatter band marked in blue. In contrast, samples with electrochemically charged
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hydrogen show a distinct trend of reduced strength, with the most severe HEI as low as
55% for the notched tensile samples. This discrepancy suggests that either the hydrogen
concentration in electrochemically charged samples is not being accurately quantified, or
that the damage observed under electrochemical charging differs from that created by
gaseous environments.

Figure 1. Hydrogen embrittlement index (HEI) % reported in the literature versus hydrogen con-
centration under gaseous (blue) or electrochemical (orange) charging environments for (a) notched
tensile (NT) and (b) tensile strength (TS) [10,20,23–37].

In gaseous systems, hydrogen content within a material obeys Sieverts’ law, which
links dissolved hydrogen concentration to its partial pressure and solubility of the mate-
rial [29,38]. To measure the hydrogen concentration, methods such as thermal desorption
spectroscopy, melt extraction, scanning kelvin probe and time-of-flight secondary ion mass
spectrometry (ToF-SIMS) can be used [39–42]. These methods have been used to generate
hydrogen solubility data for selected materials, which can then be used to calculate the
hydrogen content given a system’s temperature and pressure [43–45].

However, due to practical constraints such as the small sample size requirements,
time investment and novelty of instruments, it is rare to see hydrogen concentration
directly measured before mechanical testing. Instead, hydrogen content is calculated
based on the gas charging conditions (pressure, temperature, time). This is generally
well justified, as sufficient data is available under gaseous environments to link charging
conditions with hydrogen content [46]. As a result, mechanical testing studies often report
only the charging parameters, rather than the direct hydrogen concentrations, which is
widely accepted. However, electrochemical charging has added factors in the generation
of hydrogen pressure, such as the current density, electrolyte and surface features. These
factors must be considered when calculating hydrogen content.

Work done to correlate electrochemical charging conditions with the effective hydro-
gen partial pressure, or fugacity, has shown that it is possible to produce a predictable
hydrogen concentration in material that relates to pressurised gas conditions. However,
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where these methods have been applied to testing materials, reliability concerns have
been raised.

In electrochemical systems, fugacity can be determined by the rate of hydrogen gen-
eration at the metal’s surface. This is controlled by the applied current density and elec-
trolyte [47–50]. Lui et al. demonstrated that hydrogen fugacity could be estimated in
agreeance with the proposed models by correlating the fugacity range of 0.1 to 130 MPa for
an overpotential of −0.3 to −1.4 VSHE in both 0.1 M NaOH and acidified 0.1 M Na2SO4

electrolytes [48].
Figure 2 shows the calculated fugacities within the range of overpotentials for each

electrolyte. This range includes most practical hydrogen applications, and shows that fu-
gacity follows predictable behaviour. However, in subsequent work by Venezuela et al. [51]
using this model of fugacity, hydrogen concentrations did not consistently match the
predictions, raising concerns regarding the reliability of this approach.

Figure 2. Electrochemical hydrogen fugacity produced by an overpotential in 0.1 M NaOH and 0.1 M
Na2SO4 (from Liu et al. [48] with data from Bockris et al. [50]).

Table 2 displays Venezuela et al.’s measured hydrogen concentration in four selected
steels after charging in both gaseous and electrochemical conditions at 200 bar and an
overpotential of −0.9 VSHE in 0.1 M NaOH, respectively. Of the four electrochemically
charged steel samples, only MS1500 produced hydrogen concentrations predicted by the
fugacity applied. The other samples had less than 50% of the predicted hydrogen content.
In contrast, gaseous charging produced consistent hydrogen contents for all four samples.

Table 2. Measured hydrogen concentrations in steel samples charged with an overpotential of
−0.9 VSHE (−1.7 VHg/HgO) in 0.1 M NaOH electrochemical and 200 bar of gas (data from Venezuela
et al. [51]).

Sample
Gaseous Charging [H]

(µg g−1)
Electrochemical Charging [H]

(µg g−1)

Predicted Measured Predicted Measured

MS980 0.08 0.07 0.30 0.07
MS1180 0.08 0.06 0.30 0.13
MS1300 0.08 0.06 0.30 0.07
MS1500 0.08 0.08 0.30 0.30

The authors attributed the disparities in hydrogen content to surface variations in-
duced by variation in the experimental conditions, which impeded the ingress of hydrogen
and led to non-representative hydrogen distributions in the material [51]. If these suggested
surface variations are contributing to such significant inconsistencies in hydrogen content
in electrochemical systems, this may be the cause of variation in mechanical properties
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observed in Figure 1. Therefore, further understanding of these surfaces and their impact
of hydrogen content is needed to reliably use electrochemical methods when producing
desired hydrogen contents in metals.

2.2. Materials Sensitivity: Stainless Steel and Alloys

Austenitic stainless steels are currently one of the few materials approved for hydrogen
service. Within ISO 11114-4:2015 [14], 300-series stainless steels are categorised as ‘slightly
or negligibly embrittled’ under hydrogen service, having a tensile and notched tensile
HEI of >90% [10,14]. However, under electrochemical conditions, results have shown
a HEI below 75%. This would deem the steel ‘severely embrittled’ and therefore not
recommended for hydrogen service. For electrochemical methods to be adopted in the
development of embrittlement data, these differences in observed mechanical properties
must be accounted for.

Austenitic stainless steels are particularly susceptible to the effects of electrochemical
conditions for two reasons.

First, austenitic alloys have relatively low hydrogen diffusivity values compared
with ferritic or martensitic steels. At low temperatures, such as those of electrochemical
conditions (<100 ◦C), this difference is more significant. Reported values vary from 10−14 to
10−15 m2s−1 for austenitic steel and 10−8 to 10−9 m2s−1 for ferritic steel [12,20,38,43,52–56].

Second, the corrosion resistance of stainless steel comes from the rapid formation
of passive oxides from the chromium content. These oxide layers will impede hydrogen
entry [12,57–69]. Their formation depends heavily on the environmental conditions: typical
air-formed layers at room temperature range from 2 to 20 nm, while thermally produced
layers reach up to tens of micrometres composed of hematite, magnetite and chromium ox-
ides [56,62,70–72]. As a result of the reduced diffusion rates limiting hydrogen content and
rapid oxide formation, austenitic steels will be increasingly likely to experience variations
in mechanical properties under electrochemical conditions.

2.3. Understanding the Impact of Electrochemical Hydrogen Environments

Electrochemical charging exposes the metal–electrolyte interface to large cathodic
potentials to achieve high effective hydrogen fugacities. This current/voltage-driven
process can alter surface chemistry, modify the kinetics of the hydrogen evolution reaction
and promote corrosion mechanisms. This then influences hydrogen charging rates and the
uniformity of hydrogen ingress into the material. In contrast, gaseous charging conditions
do not create the same surface modifying conditions, and therefore do not suffer from these
effects; they consider only pressure and temperature [29,38]. Therefore, to replicate gaseous
material damage, the surface effects created by electrochemical conditions must be well
understood and controlled.

In electrochemical environments, hydrogen is introduced through a surface-mediated,
two-step process. In an electrochemical cell, a potential is applied between the counter and
working electrode with respect to a reference electrode (Figure 3a). In the first step, water is
split (Figure 3b) to generate adsorbed hydrogen (Hads) at the metal surface (Equation (1)).
The second step involves entry of the adsorbed hydrogen into the metal as soluble hydrogen
(Habs) (Equation (2)).

H2O + e−supplied → OH− + Hads (1)

Hads → Hsol (2)
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Figure 3. (a) Hydrogen charging electrochemical cell; (b) hydrogen-generation mechanism at surface
of sample material and diffusion into hydrogen fugacity produced.

Because hydrogen is generated at the surface, and must then transit through it, elec-
trochemical methods are inherently sensitive to electrolyte interactions, surface films and
competing reaction pathways [73]. These factors are not present during gaseous exposure.
Therefore, even if fugacities are equivalent, the surface-driven aspects can reduce the effec-
tive hydrogen flux into the material. For hydrogen charging of mechanical testing samples,
the reduced flux or diffusion will result in a smaller amount of hydrogen than predicted.
This is rarely accounted for in common practices, leading to non-representative damage
being observed when conducting mechanical testing.

The sensitivity of electrochemical charging to surface conditions has been demon-
strated extensively by the use of hydrogen permeation experiments. These measure the rate
at which hydrogen diffuses through a sample membrane [57–59]. Early studies showed
the necessity of protective and catalytic coatings to achieve stable and reliable permeation
measurements [74,75]. Manolatos et al. [74] compared the permeation of palladium-coated
and uncoated samples of pure iron, and observed that a palladium coating increased the
measured flux by a factor of seven compared with the uncoated sample. This indicated that
the metal–electrolyte interface was impeding hydrogen flux, likely due to inherent oxides
formed on the iron surface, which the more noble palladium coating is able to mitigate.

The use of a palladium coating is still recommended in electrochemical permeation
standards ASTM G148-2011 [76] and ISO 17081:2014 [77]. Despite this, its use is less com-
mon in recent literature, after issues were identified involving the co-deposition of hydrogen
during the coating procedure, and trapping of hydrogen that introduced non-diffusible
hydrogen. This distorts permeation results [78,79] and is particularly detrimental to per-
meation studies that rely on defined hydrogen entry conditions and measure hydrogen
trapping [40,80].

These findings led to coatings being substituted by methods that manage the surface,
such as sufficient reductive treatments that remove oxides prior to measurement. Such
treatments have produced reliable results in iron, nickel and steels [21,49,73,81]. However,
permeation focuses on the rate of hydrogen diffusion, whereas mechanical testing focuses
on the total amount of hydrogen in the material and replicating in-service conditions. As
a result, the use of either palladium or hydrogen pretreatments to manage surface effects
is rarely ever seen; these coatings are not present in industry, and pretreatments alter
the hydrogen content of the material. Despite this, such coatings need to be understood,
as they offer a potential way for electrochemical methods to be more representative of
gaseous conditions.
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Although oxide layers are not accounted for in calculations of hydrogen contents
when conducting mechanical testing, permeation experiments have shown that oxides of
only a few nanometres thick can significantly reduce the hydrogen diffusion rate.

Ishikawa et al. [62] compared the permeation of 316L stainless steel with varying oxide
thicknesses and composition produced by polishing and thermal passivation procedures.
The steady-state flux values versus feed pressure (Table 3) show samples with oxide thick-
nesses of 4, 11 and 24 nm. The 11 and 24 nm samples reduced the hydrogen flux to a third
of the value of a polished sample with minimal oxidation (4 nm). Notably, the chromium
content within the passive film showed greater correlation with the reduction in flux, with
samples B (24 nm) and C (11 nm) having 46% and 71% chromium oxide, respectively.

Table 3. Steady-state flux versus feed pressure for 316L stainless steel samples: polished (4 nm, 46%
Cr2O3), thermally oxidised at 550 ◦C (24 nm, 46% Cr2O3) and thermally oxidised at 475 ◦C (11 nm,
71% Cr2O3) (data from Ishikawa et al. [62]).

Sample Treatment Oxide Thickness
(nm)

Cr2O3
(wt%)

Steady-State Flux
(×10−7 Pa m3 s−1)

40 Pa−1/2 80 Pa−1/2 100 Pa−1/2

Polished 4 46 1.0 2.2 3.0
Thermally oxidised at 550 ◦C 24 46 0.5 0.8 1.2
Thermally oxidised at 475 ◦C 11 71 0.3 0.5 0.75

Standard ferritic steels have oxide layers composed mainly of hematite and mag-
netite, which have measured diffusivities of 10−16 to 10−22 m2s−1 at room tempera-
ture [82–84]. These values are orders of magnitude below that of austenitic and ferritic
steels, which have diffusivity values of 10−14 to 10−15 m2s−1 and 10−8 to 10−9 m2s−1,
respectively [12,20,38,43,52–56]. This difference in hydrogen diffusion rate directly links to
the time required to charge a sample. When translating these diffusivities into the time re-
quired for hydrogen to diffuse an average of 1 mm, they equate to minutes for ferritic steels,
months for austenitic steels and nearly a decade for iron oxides. Hence, small oxide thick-
nesses play a large role in the total diffusion rate of hydrogen into a sample, and therefore
the time required to produce representative hydrogen contents within bulk materials.

Oxide composition has a significant effect on the hydrogen ingress rate, and therefore
the time required to achieve the intended hydrogen concentration. In studies that do
not consider these aspects, oxides may contribute to the inconsistencies in mechanical
properties seen in Figure 1. Therefore, understanding the formation and reaction of oxide
layers is important when producing accurate hydrogen contents in mechanical samples.

3. Factors Affecting Hydrogen Diffusion and Implications for
Mechanical Testing

Surfaces with low hydrogen diffusion reduce the hydrogen content of a material.
This has a direct consequence for the amount of hydrogen present when conducting
mechanical testing.

The impact of a surface barrier on the charging rate of the metal sample is described
using Fick’s Law with a low-diffusivity layer at the surface of a bulk material. Figure 4a
illustrates the hydrogen concentration in a material after arbitrary time steps (t1–3) until
the time of saturation (t∞), where the concentration of the material reaches its maximum
solubility. The addition of a thin layer with reduced diffusivity at the entry surface (i.e.,
oxide layer) is shown in Figure 4b. After the same arbitrary time steps, impedance by the
surface layer results in a lower amount of hydrogen within the material.
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Figure 4. Comparison of hydrogen distribution in metal (a) without and (b) with an oxide layer.
Dotted lines indicate arbitrary time steps from first exposure to hydrogen.

By logic, a longer charging time would be required to reach the target bulk concentra-
tion if a barrier layer is present. The amount of extra time required is determined by the
scale at which the barrier impedes hydrogen entry. However, without an understanding of
surface oxide thickness or composition, this remains unknown.

To compound the issue, electrochemical conditions will modify the surface over time,
further altering the hydrogen ingress rate. Therefore, electrochemical charging conditions
for mechanical testing need to consider the initial surface state of the material, as well as
how the surface reacts and changes under the charging environment.

3.1. Impact of Electrochemical Conditions on Oxide Layers

Oxide layers affect the rate of hydrogen ingress, and therefore the amount of hydrogen
within the material. Thus, it is important to understand how electrochemical conditions
affect the formation of surface oxides and their interaction with hydrogen.

How oxides interact with hydrogen will depend on the initial surface condition,
alloy composition, electrolyte chemistry and potential applied. Pourbaix diagrams are
commonly used to describe thermodynamically favourable species in an aqueous solution
under applied potential and electrolyte pH [85–87]. Figure 5 shows Pourbaix diagrams
for each of the major alloys of stainless steel (Fe, Cr and Ni), with common electrolytes
outlined in standards of 0.1 M NaOH, 0.1 M H2SO4 and 3.5% NaCl corresponding to a pH
of 12, 2 and 7, respectively, marked on the figures. From these diagrams, Fe, Cr and Ni are
all expected to react with electrolytes to form soluble metal ions (Fe2+, Cr3+, Ni2+), whereas
basic solutions favour the formation of oxides and hydroxides.

Considering voltage, hydrogen charging experiments apply negative potentials to
the sample below the hydrogen evolution reaction, where the magnitude of this potential
is determined by the current density chosen. Over this range of conditions (indicated by
green regions in Figure 5), the general trends follow those seen across electrolyte pH.

At sufficiently negative potentials where hydrogen evolution occurs, all species are
predicted to be metallic. For example, as indicated in Figure 5b, in a 0.1 M NaOH solution
the Cr2O3 species is favoured until a potential lower than −1.5 VSHE is reached. At
this point, Cr2O3 will be reduced to metallic Cr, supposedly leaving an oxide-barrier-
free surface. However, when surfaces have been analysed after exposure, oxides remain
evident [28,81,88].

Flis et al. investigated the surfaces of pure iron produced after electrochemical hydro-
gen treatment in 0.1 M NaOH at −1.6 VSHE through the use of atomic force microscopy
and Auger electron spectroscopy [88]. In their work, the evolution of physical surface
features and oxide growth were observed and increased throughout the charging time.
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This was attributed to the formation of soluble iron oxide species by partial reduction of
air-formed oxides, which then redeposited as iron hydroxides (Fex(OH)y) [89]. Through
Auger electron spectroscopy depth profiling, the oxide layer was found to be approximately
100 nm thick after 144 h of hydrogen charging. The growth of oxides under electrochemical
conditions contradicts those predicted under Pourbaix. This implies that hydrogen must
contend with impeded ingress throughout hydrogen charging.

Figure 5. Pourbaix diagrams for (a) Fe, (b) Cr and (c) Ni at 25 ◦C with [M(aq)] = 10−6 M. Diagonal
dotted blue lines indicate the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
Solid red lines indicate a pH corresponding to the identified electrolytes. Shaded green areas highlight
electrochemical hydrogen charging potential ranges (modified from Beverskog et al. [85–87]).

The modification and growth of oxides under electrochemical environments indicate
that more complex mechanisms are occurring than those predicted under typical corrosion
conditions [71,90,91]. The way these oxides interact under electrochemical environments
must therefore be considered to account for their impact on hydrogen diffusion rates.

In permeation experiments, stable hydrogen flux indicates the surface has been mod-
ified to a consistent state. For pure iron, Zakroczymski et al. [66,92] measured the time
to achieve steady-state to be approximately 10–20 h from a polished surface, which is
attributed to the point where oxide modification and hydrogen ingress have both reached
equilibrium. Brass and Chene [81] compared polished and air-passivated surfaces of
Armco iron in 0.1 M NaOH, revealing that variations in time are need to reach steady-state.
Figure 6 shows that the polished samples reached a stable baseline after ~10 h of hydrogen
exposure at −1.1 VSHE and −1.3 VSHE, compared to 30 and 50 h for samples passivated at
25 and 250 ◦C, respectively. The prolonged stabilisation time indicates that oxides reach
steady-state, which is consistent with other permeation studies [66,92].

Notably, both passivated samples do not reach steady-state at the same current density
as the polished iron sample, and differ based on the applied potential. The higher resistance
indicates increased resistance from the surface, and suggests that the initial oxide state and
reduction potentials cause changes to the final surface equilibrium state. Thus, hydrogen
would diffuse at a different rate due to the different surfaces of each sample affecting the
total hydrogen content.

The reaction of surface oxides throughout hydrogen treatment is particularly detri-
mental to studies that use short charging times (<24 h) [27,32,37]. Throughout this time,
the surface is being continually modified. Therefore, the charging time required is uncer-
tain, and the current is not solely generating hydrogen. Knowing the significant ability of
oxides to reduce hydrogen diffusion, the thickness and composition of the final surface is
important in understanding the charging rate of the material. Therefore, in studies that
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have short charging exposure times and where surface conditions are not controlled, any
assumptions regarding hydrogen diffusion rates are likely to be severely overestimated.
Thus, the final hydrogen contents and mechanical properties produced in such studies
must be viewed critically.

Figure 6. Chronoamperometry (CA) transients (hydrogen charging transients) at −1.1 VSHE and
−1.3 VSHE of Arco iron in 0.1 M NaOH, after polishing and air passivation at 25 ◦C or 250 ◦C for 15 h
(modified from Brass and Chene [81]).

3.2. Surface Damage

Electrochemical hydrogen charging has higher rates of damages per hydrogen content
than gaseous charging methods. This is particularly the case for notched samples, which
are more susceptible to surface damage effects. During mechanical testing, surface defects
amplify stresses and act as crack initiation sites, creating early mechanical failure. When
surfaces have been analysed after electrochemical hydrogen exposure, the formation of
martensitic phases and surface cracking have been observed [93,94]. These features have
not been directly observed under gaseous conditions [42], suggesting they may result from
electrochemical processes rather than from hydrogen-induced damage. Therefore, they
need to be considered when comparing samples produced by the two methods.

3.2.1. Martensitic Formation

Martensite is a brittle phase that can form in austenitic steels under thermal or me-
chanical stress. It is well known to impact mechanical properties [95,96]. Martensitic
steels typically have extremely high strengths (>1400 MPa) compared with austenitic steels
(~500 MPa), but are far less ductile [97]. Therefore, the presence of martensite will heavily
influence the mechanical properties observed. Martensitic formations have been frequently
reported to occur at the surface of austenitic steels after charging under electrochemical
conditions [98–100]. While hydrogen has been shown reduce the threshold for thermal
and strain-induced martensitic formations [23,25,35,93,101–103], martensite formation as
a result of charging environment alone has not been observed under gaseous conditions.
Yang and Lou [99] investigated the formation of martensite in annealed 304 stainless steel,
and showed that even at low current densities of <0.2 mAcm−2, martensitic transforma-
tions occurred after 16 h. Figure 7 shows the surface of 304 stainless steel in situ during
electrochemical hydrogenation at −20 mAcm−2 in 0.5 M H2SO4 and 0.25 gL−1 As2O3.
Surface cracking at the boundary of the newly formed phases can be clearly seen over time.
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Figure 7. In situ images of 304 stainless steel surfaces showing cracking during electrochemical hy-
drogen exposure of −20 mAcm−2 in 0.5 M H2SO4 and 0.25 gL−1 of As2O3 after (a) 6 min, (b) 60 min,
(c) 90 min and (d) 150 min (reproduced from Yang and Lou [99]).

Martensite was only observed at the surface, and not in the bulk of the material. This
indicates that other surface effects are contributing to the damage, rather than hydrogen
alone. Narita et al. [104] proposed that the formation of martensitic phases are the result of
high effective pressure of hydrogen at the surface. These studies used current densities of
−100 mAcm−2 and higher (>1000 MPa), of which the reported fugacities agree with the
calculations of Lui et al. [48]. However, at a current density of 0.2 mAcm−2 (corresponding
to a fugacity of ~70 MPa), Yang and Lou [99] saw martensite formed at the surface, which
had not been observed under equivalent gas pressures [10,26]. This discrepancy suggests
other aspects of the electrochemical system may contribute to this effect, which are not
apparent in gaseous systems.

3.2.2. Corrosion Processes

Corrosion affects mechanical properties by impeding hydrogen content, but can also
contribute further damage. Examples of surface corrosion effects observed during electro-
chemical hydrogen charging include crack formation, blistering and localised corrosion
(pitting) [23,25,35,93,101,102]. These effects come from the reaction of metallic species with
electrolyte, leading to loss of metal to solution over the exposed area or in targeted regions.
It is assumed that under cathodic potentials, metals are immune. However, this assumption
is for generalised cathodic conditions [105]. Many studies still report discolouration of
electrolytes and sample surfaces [88,106], indicating otherwise.

Under sufficiently negative potentials, like those used in hydrogen-generation
conditions, hydroxide ions formed as a byproduct from hydrogen formation reaction
(Equation (1)) can react with a metallic substrate. This leads to oxidation and loss of metal
ions to solution, known as cathodic corrosion [107]. Corrosion mechanisms can promote
damage as follows:

• Localised regions of damage (grain boundaries, machining/grinding marks, passive
layer flaws) with severe losses to solution will cause pits, and porosity will cause
concentrated points that will add physical defects into the material [108].

• Loss of specific alloys from regions such as chromium and nickel, as well as interstitial
carbon and nitrogen, is detrimental because they stabilise austenite from martensitic
transformations [96,109].
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Any form of corrosion will negatively impact the mechanical properties observed, but
will have major implications in studies that use extended pre-charging/charging periods
to remove oxide barriers and increase hydrogen content. If corrosion rates are consistent
throughout charging, longer exposure will increase the total damage induced. It is therefore
important to understand the scale of the corrosion effects and isolate hydrogen’s role in
the mechanical damage observed. To do this, studies must assess the amount of corrosion
and rate at which corrosion is occurring. They must also determine whether these artefacts
are present when the surface is protected (e.g., with a palladium coating), which would
support a hydrogen-dominated mechanism rather than a corrosion-assisted artefact.

3.3. Surface and Bulk Hydrogen Exposure

As shown earlier in Figure 1a,b, notched tensile and standard tensile tests show distinct
differences in mechanical properties. This leads to the question of what is causing the
contrast in this behaviour. Between these mechanical tests, stress is applied at different
points throughout the sample; additionally, the charging conditions impact how hydrogen
is distributed throughout the sample. Therefore, the mechanical results may be affected
by the type of testing and the charging conditions. Under the low-temperature limitations
of electrochemical environments, hydrogen diffusion is restricted. Hence, hydrogen is
concentrated at the surface, compared with those materials charged for longer times or
with higher diffusivities.

Electrochemical studies have the benefit of being able to produce high hydrogen
contents in materials quickly. However, this affects the distribution of hydrogen throughout
the sample. The penetration depth depends only on diffusivity and time, not pressure
or fugacity [110]. A simple approximation of the average penetration depth can be made
using Equation (3) [110]:

xavg = 2(Dt)1/2 (3)

where xavg is the average diffusion length, D is the hydrogen diffusivity of the material,
and t is time.

Consequently, exposure over short durations will cause hydrogen to concentrate near
the surface of the material, while longer exposure produces more uniform distributions.
However, the use of high-fugacity hydrogen will allow the total concentration of hydrogen
to be comparable. For stainless steels at room temperature, a charging period of 24–72 h,
commonly seen in electrochemical studies [23,27,28,31,32,37], had an average diffusion
depth of 60–100 µm. This is significantly smaller than the gauge dimensions of a me-
chanical testing sample piece. As a result, samples with identical total hydrogen contents
(area under the curve) can exhibit very different mechanical responses due to different
hydrogen distributions.

An example of the distribution of hydrogen produced by different charging conditions
is illustrated in Figure 8. The figure compares an electrochemical sample charged for 24 h
with a gaseous sample charged for 2500 h at one-tenth of the fugacity (e.g., electrochemically
hydrogenated at a fugacity of 10 bar and gaseous hydrogenation at 1 bar). Even though
both components have the same total hydrogen content, which is what is reported in
the literature, the depth of penetration varies from 0.1 to 1 mm, directly as a result of
exposure time.

The effect of hydrogen distribution is seen when comparing the tensile and fracture
toughness properties in Figure 1a,b. In tensile tests that have stress distributed across
the bulk, there was a negligible (>90–100%) reduction in HEI. In comparison, in notched
tensile/fracture toughness testing where stress is localised at the notch point, HEI was in
the range of 65–100%. As previously identified in Figure 1, electrochemical values were in
the lower range for both charging conditions.
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Figure 8. Modelled hydrogen penetration depth under a short-term, high-fugacity electrochemical
environment and a long-term, low-fugacity gas charging environment.

An example of limited hydrogen penetration modifying mechanical behaviour is seen
in Herms et al. [27]. In their study, a current density of −100 mAcm−2 was used over
24 h on a 1.5 mm diameter AISI 316L wire. Illustrated in Figure 9, the fracture surface
produced after tensile testing shows a clear change in surface from brittle fracture at the
hydrogen-exposed surface to the ductile bulk.

Figure 9. Brittle-to-ductile fracture of tensile-tested AISI 316L steel wire after electrochemical charging
at −100 mAcm−2 for 24 h. Solid and dotted lines indicate sample surface and brittle fracture region
respectively [27].

Examining the use of electrochemically charged samples in the literature showed
that many studies do not achieve hydrogen distribution though the bulk. This is due
to low-temperature restrictions (<100 ◦C) where hydrogen diffusion is limited. In turn,
this means the time required to saturate a typical mechanical sample is far greater. Using
the same average penetration depth approximation, a 3 mm diameter 300-series steel
sample would require ~650 days to saturate at room temperature, without any surface
diffusion impediment.

As a result, mechanical testing is reliant on surface-focused methods (e.g., fracture
toughness, crack propagation, linearly increasing stress test) [111–113] or samples with thin
geometries (e.g., burst disc, small punch testing) [114,115] that target stress at regions with
hydrogen content. Under these testing systems, the surface becomes more important, as
other surface features (e.g., corrosion, surface defects) in the hydrogen-exposed region will
greatly influence the observed mechanical properties. Therefore, these features must be
understood for the data collected to reflect any hydrogen damage.
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4. Hydrogen Barriers as Mitigation Strategies
As described in previous sections, thin layers of low-diffusivity coatings or barriers

significantly reduce the rate of hydrogen ingress. When applied to industrial systems,
however, they could reduce hydrogen damage, and therefore prolong the service life
of materials.

Previous studies have looked at the application of low-diffusion barriers, such as
metallic coatings, oxides, nitrides and composite layers, to limit hydrogen uptake in the
fields of nuclear science and aerospace [54,64,82–84,116–122]. Materials such as Si3N4, BN
and other composite oxides have diffusivities of the order of 10−22 to 10−24 m2s−1, which is
far lower than those of typical steel oxides. These coatings significantly reduce the damage
induced from hydrogen exposure [123,124].

From an industrial viewpoint, many of the advanced manufacturing techniques
needed to apply these coatings, such as vapour and thermal deposition, are not feasi-
ble at the scale required. Instead, existing passivation techniques used commonly on
steels for corrosion resistance could significantly reduce hydrogen diffusion into materials.
Standardised methods of passivation (AS 1627 [125] and ASTM A380-25 [126]) are used
widely at scale. They offer chemical, anodic and thermal procedures to modify surfaces
by producing oxidation layers to increase corrosion resistance [31,126–128]. For industrial
applications, this would be an attractive method, as existing methods could be adopted to
reduce the use of hydrogen. However, the surfaces produced using these methods must be
assessed for their effectiveness as hydrogen barriers.

The thickness and composition of the surface barrier determine how much it reduces
hydrogen ingress. Hence, the choice of passivation procedure and the oxide produced as a
surface barrier will heavily influence the effectiveness of reducing the hydrogen content.
Du et al. [33] compared different passivation processes for 316 stainless steel prior to
electrochemical hydrogen exposure. Surfaces were passivated anodically at +0.5 V in 0.5 M,
and air-passivated at room temperature for 72 h. X-ray photoelectron spectroscopy and
ToF-SIMS analysis identified that the anodic passivation produced higher proportions
of FeOOH and Cr2O3 than air-passivated surfaces. After 72 h of hydrogen exposure at
−10 mAcm−2 in 0.5 M H2SO4, the relative tensile strength loss was 7% in the anodically
passivated sample and 18% in the air-passivated sample [31].

Du et al.’s study shows that the surfaces produced by these passivation procedures
reduced hydrogen-induced damage. However, these electrochemically produced coatings
are made under laboratory conditions, which are not comparable to passivation processes
at an industrial scale. For hydrogen-resistant coatings to be used in industry, existing
methods must be tailored to produce them at scale.

5. Conclusions and Outlook
This work has reviewed and contrasted electrochemical charging with hydrogenation

in gaseous environments to identify differences in microstructural evolution and their
implications for interpreting mechanical test results. Electrochemical methods are being
increasingly used in the generation of hydrogen compatibility data due to safety aspects
and reduced costs. However, for these electrochemical methods to reliably replicate gaseous
environments, work is needed to control experimental conditions and sample parameters.
From this review, we have identified the following five key knowledge gaps.

1. Surface: Nanometre-scale oxides significantly reduce hydrogen ingress. Oxide
thickness and composition (specifically chromium content) can significantly reduce
hydrogen flux factors. Understanding the conditioning of surfaces and their interaction
with electrolytes and hydrogen during charging is essential to accurately measure
hydrogen content. In electrochemical charging, one must carefully consider the impact
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of inherent oxide films, and validation is needed to verify the impact of thin oxides on
the mechanical properties observed.

2. Diffusion: Electrochemical charging and gaseous charging are not directly equiva-
lent. Electrochemical and gas conditions can produce equivalent hydrogen concentra-
tions in metals. However, the mechanical properties observed vary between the two.
In addition, electrochemical charging environments have shown to be inconsistent
in producing hydrogen concentrations in materials. Work determining the effective
fugacity and reliability of electrochemical charging environments across materials is
needed to correlate between gaseous and electrochemical charging methods.

3. Distribution: Hydrogen distribution is key for measuring mechanical properties.
High fugacity, low diffusion and sample geometry will affect hydrogen distribution,
and therefore the mechanical properties observed. Testing and charging conditions
need to be selected appropriately to obtain reliable results.

4. Damage: Electrochemistry-specific damage mechanisms exist, but are not consid-
ered. Martensite formation and surface cracking are observed during electrochemical
charging, but not under gas exposure at similar pressures. This indicates that ad-
ditional mechanisms (e.g., local chemistry changes, cathodic corrosion) might bias
mechanical results. The scale of these surface effects must then be considered when
comparing mechanical properties to those exposed under gaseous environments.

5. Protection: Hydrogen barriers could be used to prolong material service life. En-
gineered oxide and passive films can reduce uptake and embrittlement in controlled
studies. However, their long-term stability and service durability in hydrogen envi-
ronments remain insufficiently quantified. If barriers are modified under a hydrogen
environment, their integrity will be compromised.

For electrochemical charging to be used as a reliable method for producing hydrogen
compatibility data, the above discrepancies must be resolved. Therefore, data is needed
that links the selection of electrochemical conditions to those relatable to gaseous hydrogen
environments. These electrochemical variables must consider attributes of effective fugac-
ity, surface effects and additional damages present in electrochemical charging conditions.
Without addressing these features, hydrogen embrittlement data collected under electro-
chemical conditions remain disconnected from any application in industrial standards.
Addressing these research gaps will link the electrochemical environments used with the
mechanical properties observed. Knowing the factors that influence mechanical properties
after hydrogen charging will allow methods to be adapted to best represent gaseous testing.
This will allow electrochemical methods to be used to collect hydrogen compatibility data
more reliably, at a lower risk and higher throughput, and in a more cost-effective manner.
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