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Abstract: The purpose of this work is to study the effect of charging conditions on hydrogen damage.
The effects of electrochemical hydrogen charging current density and time on hydrogen-induced
blistering (HIB), cracking behavior, and mechanical properties of Q690 steel are studied by electro-
chemical hydrogen charging, microstructure observation, and slow strain rate tensile (SSRT) tests.
The results show that HIB and internal cracks occur when the Q690 steel is charged at different
current densities. The charging conditions have a significant effect on the HIB characteristics of
the material and the morphology, number, size, and location of internal cracks. The geometrical
parameters of blisters on the surface of Q690 steel are quantitatively evaluated, and deeper cracks are
found at higher hydrogen concentrations. At high hydrogen charging current density (50 mA/cm2),
due to the accumulation of a large number of hydrogen atoms and the precipitation of hydrogen, the
active sites on Q690 steel surface increase dramatically, leading to the initiation of a large number of
blisters. At this time, high current density is responsible for the initiation of blisters. The relationship
between hydrogen charging current density and mechanical properties of Q690 steel is studied, and
the change in the fracture morphology is observed. The Q690 steel was damaged and failed due to an
internal crack caused by excessive hydrogen pressure. On the other hand, electrochemical hydrogen
charging leads to the degradation of mechanical properties and the transition from ductile fracture to
brittle fracture.

Keywords: low-alloy steel; hydrogen blister; hydrogen-induced cracking; fracture behavior;
electrochemical hydrogen

1. Introduction

With the development of marine equipment, 690 MPa marine low-alloy steel has been
widely used [1,2]. However, due to the excessive cathodic protection, 690 MPa steel tends to ab-
sorb hydrogen in the service environment and is prone to hydrogen-assisted degradation [3,4].

Ćwiek [5] indicated that one of the important factors affecting HIC sensitivity is the
content of H in the steel. In general, HIC sensitivity increases with the increase in H content.
Zhou et al. [6] reported that stable austenitic twinned plastic steels are sensitive to hydrogen
embrittlement after being charged with hydrogen at a high-pressure hydrogen environ-
ment. Our previous work has also confirmed that H leads to increased SCC sensitivity
of steel by penetrating and diffusing the interior of E690 steel [7]. Depover et al. [8] and
Venezuela et al. [9] pointed out that the more H trapping sites there are in steel, the more
likely HIC occurs. Ma et al. [10] confirmed that the SCC of E690 steel in the seawater envi-
ronment increases due to H-induced brittle fracture with the increase in cathodic potential.
Wu et al. [11] argued that a sharp rise in hydrogen permeation current led to a significant
increase in the comprehensive loss rate for X80 steel. Our previous work also indicated
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that the cathodic potential changed the interfacial pH value so that significant changes
in hydrogen diffusion and permeation behavior influenced the change in the preferential
cracking pathway of the E690 steel [12]. However, calcareous deposits are easily formed on
the steel surface after applying the cathodic potential in artificial seawater, which attaches
to the steel surface. Deslouis et al. [13] and Barchiche et al. [14] confirm this result. The
attachment of calcareous deposits affects hydrogen behavior [15,16]. The applied cathodic
potential also produces a certain cathodic current. The change of hydrogen concentration
on the steel surface can be quantified by cathodic current density. Therefore, we studied
the effect of electrochemical hydrogen charging on blistering and mechanical property loss
of Q690 steel using hydrogen charging current.

On the other hand, hydrogen charging time is another important factor of hydrogen
damage. Hydrogen charging time directly affects the accumulation of hydrogen at the
active site. Li et al. [17] found that an increase in charging time leads to a change in
hydrogen damage morphology. After 40 h of hydrogen charging, the toughness of the
titanium alloy suffered a significant loss, and the elongation decreased from 20.2% to
1.0% [18]. As the electrochemical hydrogen charging current density increases, the HE
sensitivity of pipeline steel and girth weld increases [19]. Therefore, the correlation of
electrochemical hydrogen charging current density and hydrogen charging time with
blistering and mechanical properties’ loss of Q690 steel was investigated by applying
hydrogen charging current density.

In the absence of external load, hydrogen-induced cracking (HIC) and blistering
are considered to be the main factors that threaten the safety of steel in service [20–22].
When the hydrogen concentration in the material reaches a critical value, atomic hydrogen
recombines into molecular gaseous hydrogen at hydrogen traps (material defects such as
inclusions, grain boundaries, dislocations, and hard phase components) [23], and cannot
migrate further, leading to the local formation of high internal pressure. As the internal
pressure gradually increases, crack propagation occurs even when no external loading is
applied. When a crack forms on the surface of the material, the resulting pressure pushes
the material outward, causing a dome-shaped bump on the surface of the material called
a hydrogen-induced blister (HIB) [24,25]. The location and characteristics of blistering in
charged steel have been extensively studied in the published literature [25–27]. Extensive
work suggests that inclusions and secondary phases in steel are the main inspiration
sites for blisters [25,28]. The existence of hydrogen in voids or microcracks promoted the
propagation of hydrogen-induced cracks [29]. During electrochemical hydrogen charging,
higher current density and longer charging time lead to a rapid increase in the diameter
and density of blisters [24,28]. The blistering can occur in X80 steel when the current
density reaches the critical value, but the shape of the blister changes as the current density
increases further [21].

The resulting hydrogen damage naturally reduces the overall mechanical properties
(such as toughness, strength, and fatigue property) of the charged steel, a phenomenon
known as hydrogen embrittlement (HE) [30]. The formation of hydrogen damage leads
to a decrease in yield strength, an increase in embrittlement factor and area, and finally
contributes to the early failure of the steel [31]. After 40 h of hydrogen charging, the
toughness of the titanium alloy suffered a significant loss, and the elongation decreased
from 20.2% to 1.0% [18]. As the hydrogen charging current density increases, the HE
sensitivity of pipeline steel and girth weld increases [19].

Even though there are some works about the hydrogen damage of different materials,
the hydrogen-related deterioration of Q690 steel is rather scarce. Therefore, the charging of
Q690 steel with different charging current densities and charging times is used in this work
to illustrate the evolution of hydrogen damage on the surface and inside of the sample. In
addition, the effect of the charging current density on the mechanical properties (elongation
and tensile strength values, and HE susceptibility) of Q690 steel is analyzed.
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2. Material and Methods
2.1. Material

The Q690 steel was used as the experimental material in this work. The chemical
composition of the Q690 steel is provided in Table 1, along with the calculated Creq and
Nieq based on the alloying elements.

Table 1. Chemical composition of base material and welding material.

Material C Si Mn Cr Ni Mo Creq Nieq Fe

Q690 0.14 0.035 1.31 0.51 0.02 0.13 0.91 5.90 Bal.

2.2. Hydrogen Charging Test

The Q690 steel was electrochemically charged with hydrogen in 0.5 M H2SO4 + 3 g/L
CH4N2S (NH4SCN) solution. Samples (dimensions of 10 × 10 × 2 mm3) were gradually
ground to 1500 # with grit SiC paper, then ultrasonically vibration cleaned in ethanol, and
dried in cold air. Hydrogen charging specimens were sealed in epoxy resin, leaving a
working area of 1 cm2. The sample was connected to a cathode, and a platinum sheet was
used as the anode. A saturated calomel electrode was used as the reference electrode. A
schematic diagram of the experimental setup for hydrogen charging is shown in Figure S1
in the Supporting Information. The Q690 steel was charged with different current densities
(2, 5, 10, and 50 mA/cm2) and charging times (1, 3, 6, and 12 h) at 22± 2 ◦C. After hydrogen
charging, the bulges on the surface of the sample were observed by a confocal laser scanning
microscopy (CLSM, Keyence VK-X250, Osaka, Japan) to determine their shape, number,
and size distribution. The cross-sections were analyzed by scanning electron microscopy
(SEM) to collect information about the morphology and cracking pathway of internal
cracks in the hydrogen-charged specimens. The relevant parameters of hydrogen charging
experiments are shown in Table S1 in the Supporting Information.

2.3. Slow Strain Tensile Test

The hydrogen embrittlement (HE) behavior of Q690 steel under electrochemical hy-
drogen charging was studied by the slow strain rate tensile test (SSRT) at room temperature.
The tensile specimen was cut from the steel sheet perpendicular to the rolling direction
(Figure S2a in the Supporting Information) according to GB/T 15970.7. The tensile direction
of the specimen had the highest-stress corrosion cracking (SCC) sensitivity [32]. The sample
size used for the SSRT experiment and the schematic diagram of the SSRT experiment
process is shown in Figure S2b,c in the Supporting Information. The middle of the sample
was left 20 mm exposed to the test solution, and the remaining surface was sealed with
silica gel. All the SSRT experiments were performed at room temperature with a constant
strain rate of 10−6 s−1. Before the test, the samples were immersed in the solution with
current densities of 2, 5, 10, and 50 mA/cm2 for 12 h, and the current density was applied
continuously during the tensile process. Each set of tensile tests was performed at least
three times to check for repeatability.

The HE susceptibility was calculated by the toughness loss [33]:

Iδ =

(
1− δc

δ0

)
× 100% (1)

where δc and δ0 are the fracture strain in solutions and air. After removing the surface
corrosion products, the fracture morphology of the tensile specimen was observed by SEM.

3. Results and Discussion
3.1. HIB Analysis

Figure 1 shows the macroscopic surface morphologies of the Q690 alloy after charging
for 12 h at different current densities. The surfaces at the four current densities are covered
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with blisters, which have an almost elliptical shape and are generated from the surface of
the steel. With the increase in the current density, the number of blisters increases, and
the shape also changes significantly. At low current densities, the blister shape exhibits
a well-defined dome (Figure 1a–c). As the current density increases, the blister shape
also changes to a flat-topped shape and a low plateau-like elevation with ragged edges
(Figure 1d). The above results show that the hydrogen damage mechanism of Q690 steel
has changed under high current density (10 mA/cm2 and 50 mA/cm2). At low current
densities (2 mA/cm2 and 5 mA/cm2), the crack propagation path is dominated by internal
hydrogen pressure, while high-angle grain boundaries become the dominant crack path as
the current density increases [17].
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Figure 1. Surface morphologies of Q690 steel after charging for 12 h at different hydrogen charging
current densities: (a) 2 mA/cm2; (b) 5 mA/cm2; (c) 10 mA/cm2; (d) 50 mA/cm2.

Figure 2 provides 3D profiles of blisters at different hydrogen charging current densi-
ties and times. No HIB occurs after 3 h of electrochemical hydrogen charging at current
densities of 2 and 5 mA/cm2. With the increase in time, small dome-like blisters appear
after 6 h of hydrogen charging, and large blisters appear after 12 h (Figure 2a1,a2,b1,b2). At
a hydrogen charging current density of 10 mA/cm2, aggregated and small blisters appear
after 1 h of hydrogen charging, and the blisters gradually increase with the increase in time
(Figure 2c1–c4). Larger blisters are generated at a hydrogen charging current density of
50 mA/cm2 for just over 1 h of hydrogen charging (Figure 2d1). After 12 h, a blister cap
forms, with some small blisters superimposed on the larger blisters and a distinct crack at
the top of the blisters. The tensile stress and deformation are the maximum at the highest
point of the blisters, which are responsible for the formation of cracks [17].

In general, with the extension of hydrogen charging time, the blisters grow and
the proportion of larger-size blisters increases (Figure 3a–d). At the current density of
50 mA/cm2, the surface of the sample is dominated by blisters below 20 µm, which
indicates that HIB is more inclined to initiate at a high current density (50 mA/cm2).
The number of blisters increases with the increasing hydrogen charging time and current
density (Figure 3e). The maximum diameter of the blisters in different hydrogen charging



Crystals 2023, 13, 918 5 of 13

environments is shown in Figure 4. The maximum blister diameter increases with the
increase in hydrogen charging time. At 1 h of hydrogen charging, the size of the blister
increases with the current density. However, the opposite result is shown at 12 h of
hydrogen charging. For the hydrogen charging time of 3 h and 6 h, the blister size increases
and then decreases.

Figure 2. CLSM height maps of blisters after hydrogen charging for different times at different current
densities. ((a1)—2 mA/cm2 at 6 h; (a2)—2 mA/cm2 at 12 h; (b1)—5 mA/cm2 at 6 h; (b2)—5 mA/cm2

at 12 h; (c1)—10 mA/cm2 at 1 h; (c2)—10 mA/cm2 at 3 h; (c3)—10 mA/cm2 at 6 h; (c4)—10 mA/cm2

at 12 h; (d1)—50 mA/cm2) at 1 h; (d2)—50 mA/cm2 at 3 h; (d3)—50 mA/cm2 at 6 h; (d4)—50 mA/cm2

at 12 h).

When the electrochemical hydrogen charging time is relatively short (1 h), the maxi-
mum diameter of blisters also increases with the increase in the hydrogen charging current
density (Figure 4), which proves that the hydrogen charging current density affects the
growth of blisters. When the hydrogen charging time is long (12 h), the opposite results
appear (Figure 4), which proves that the hydrogen charging current density affects the
initiation of blisters. As the charging current density increases, the number of blisters
increases (Figure 3e), which also confirms that the hydrogen charging current density
dominates the blistering initiation.

When the hydrogen charging current is constant, the maximum diameter of blisters
increases with the prolongation of hydrogen charging time (Figure 4), which confirms that
the growth of blisters is related to hydrogen charging time. At the same time, the number
of blisters also increases (Figure 3e), confirming that the initiation of blisters is also related
to the hydrogen charging time (Figure 3e).

In summary, the current density mainly affects the initiation of blistering when the
hydrogen charging time is long (12 h). At a certain hydrogen charging current density,
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the hydrogen charging time affects the growth and initiation of blisters. The formation of
blisters is generally related to the electrochemical hydrogen charging conditions. Both the
current density and the hydrogen charging time affect the diameter and number of blis-
ters [17,28], and further alter the blister characteristics [34]. During the hydrogen charging
process, the hydrogen ions on the cathodic surface are reduced to hydrogen atoms [17]:

2H+ + 2e− → 2H(atomic hydrogen)→ H2(gas) (2)
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Part of the hydrogen atoms are absorbed and dissolved near the sample surface, and
the other part is released as hydrogen gas. The increase in charge time results in a rise in
the pressure of the gas in the cavity, leading to the formation of a surface HIB and internal
cracks. Longer electrochemical hydrogen charging time (12 h) results in higher hydrogen
content, which induces more hydrogen damage [35]. In a short charging time (1 h), the
hydrogen content in the matrix is less, and no obvious hydrogen damage is found on the
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surface of the sample at a low current density (2 mA/cm2) (Figure 2). As the charging
time increases, more blisters are activated, thus increasing the number of HIB. Greater
current density leads to a higher driving force and a higher solubility of hydrogen in the
substrate [36]. Under the condition of the greater driving force and longer charging time
(12 h), the hydrogen content in the matrix further increases and the hydrogen damage
is aggravated.

An internal void near the surface of Q690 steel filled with high-pressure hydrogen gas
was observed on the surface, causing the surface to bulge [37], which is consistent with the
findings of Zhang et al. [21]. The hydrogen bubble growth process can be divided into three
stages: nucleation, growth, and rupture. Hydrogen atoms diffuse into voids, inclusions,
or near other active sites within the sample. The classic hydrogen-enhanced decohesion
model (HEDE) shows that hydrogen reduces the cohesive force between atoms at the
interface [38,39]. Robertson et al. [39–41] proposed the synergistic mechanism between
HEDE and hydrogen-enhanced local plasticity (HELP). The crack process is the reduction
of the decohesion force between atoms, and the condition for achieving the reduction
is hydrogen-induced local plasticity, which also confirmed the emergence of the blisters
phenomenon. When the internal pressure at the hydrogen accumulation site reaches the
yield strength of the material, blisters and cracks may occur by the deformation of the
material. As the hydrogen concentration continues to increase and exceeds the material’s
atomic decohesion force, cracks begin to nucleate and expand at the surface [21,24]. At this
time, blisters appear on the macroscopic surface. When the pressure inside the blisters is
too high, the bubble ruptures.
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Figure 4. The maximum blister diameter on Q690 steel as a function of the charging time and
current density.

There is a close relationship between surface blisters and internal cracks. The cross-
sections are analyzed to better assess the hydrogen damage as a function of current density
(Figure 5). It can be seen that electrochemical hydrogen charging causes surface blisters
and internal cracks. Most of the cracks are located near the surface, mainly in the form
of concave stepped cracks, and the cracks are mainly transgranular and intergranular.
The width of deeper cracks in the sample is smaller than those under the surface blisters,
which are mainly intergranular cracks, which may be related to the higher hydrogen
concentration [12]. It can be seen that only at a larger current density (50 mA/cm2), or with
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a longer period of continuous hydrogen charging (12 h), small hydrogen-induced cracks
appear in the deeper interior of the sample. The above results confirm the interface cracking
when hydrogen concentration is high [12]. If the hydrogen charging current density is
small (2 mA/cm2) or the hydrogen charging time is short (1 h), there is enough time for
hydrogen to diffuse to the phase interface and aggregate, resulting in the coexistence of
transgranular and intergranular cracking. When the electrochemical hydrogen charging
current density is too high (50 mA/cm2) or the electrochemical hydrogen charging time
is too long (12 h), hydrogen is more likely to accumulate and diffuse in the large angle
grain boundary (primary austenite grain boundary), resulting in cracking mainly along the
grain boundary.
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Figure 5. Morphology and cracking pathway of Q690 substrate under bubbles after hydrogen
charging at current densities of 2 mA/cm2 (a1,a2), 5 mA/cm2 (b1,b2), 10 mA/cm2 (c1,c2), and
50 mA/cm2 (d1,d2) for 12 h. (“deep crack” refers to the crack that appears in the specimen further
away from the hydrogen-charging surface).
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3.2. Stress Corrosion Cracking
3.2.1. Mechanical Properties Analysis

Figure 6 shows the results of the tensile test including strain–stress curves, elongation
and tensile strength values, and HE susceptibility of the Q690 steel after charging at dif-
ferent current densities. As you can see from Figure 6, the ductility and tensile strength
of the charged samples at room temperature are lower than those of the uncharged steel
(Figure 6a,b). The sample is affected by hydrogen, resulting in a loss of mechanical proper-
ties [42]. The ultimate tensile strength (UTS) of the Q690 steel is 848 MPa, and the strain to
failure is 13%. The UTS of the Q690 steel charged at 2 and 5 mA/cm2 is 821 and 832 MPa,
respectively, resulting in a slight elongation loss of 6.83% and 4.28%. The UTS and elonga-
tion at the break of the sample charged at 10 mA/cm2 are 657 MPa and 3.32%, respectively.
When hydrogen charging current density reached 50 mA/cm2, the UTS and elongation
were significantly degraded, reaching 570 MPa and 2.59%, respectively. During the hydro-
gen charging process, the HIB walls fall off the matrix and form cracks, which further lead
to the reduction of the effective area to bear the load during the tensile process [43], and
thus the reduction of the tensile strength. In addition, the easy depolymerization of blisters
can also cause local stress concentration to activate HE. The performance degradation of the
Q690 steel charged with hydrogen at different current densities is provided in Table S2 in
the Supporting Information. The HE sensitivity gradually increases with the increase in the
hydrogen charging current density (Figure 6c), providing evidence for hydrogen-assisted
degradation. As the current density increases, the HE sensitivity of the steel increases more
and more slowly. The hydrogen content in the matrix increases with the increase in current
density. However, large hydrogen concentrations do not produce the expected increase in
HE sensitivity as the hydrogen concentration saturates (Figure 6c). It is generally accepted
by researchers that the SCC mechanism of low-alloy high-strength steel is dominated
by anodic dissolution and hydrogen-induced cracking [44,45]. When charged at lower
current densities, anodic dissolution remains effective and supports material failure. At
high hydrogen charging current densities, hydrogen embrittlement dominates, and anodic
dissolution hardly participates in the fracture process [46].
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3.2.2. Fractographic Analysis

Figure 7 provides the fracture morphologies of hydrogen-charged and non-hydrogen-
charged samples. The surface of the uncharged sample shows obvious necking fea-
tures (Figure 7a1), which indicate that the Q690 steel has good ductility [47]. In addi-
tion, shear ridges, formed by shear deformation, and dimples of different sizes are ob-
served (Figure 7a2). The fracture characteristics belong to typical microporous aggregated
ductile fractures.
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cathodic charging: (a1,a2) air, (b1,b2) 2 mA/cm2, (c1,c2) 5 mA/cm2, (d1,d2) 10 mA/cm2, and
(e1,e2) 50 mA/cm2.

Brittle areas (marked by red dotted lines) appear on the fracture surface of all charged
samples, and no obvious necking is found. When the hydrogen charging current is small
(2, 5 mA/cm2), the fracture presents the characteristics of dimple and quasi-cleavage mixed
fracture, which can prove that brittle and ductile fractures occur simultaneously, and a large
number of secondary cracks are observed on the fracture surface (Figure 7(b1,b2,c1,c2)).
The effect of hydrogen on fracture is attributed to the accumulation of hydrogen at the
matrix–particle interface, which reduces the interface strength. The fracture surface is
mainly composed of the brittle crown region near the surface and the ductile region near
the center (Figure 7(b1,c1)). With the further increase in the current density, the smooth
brittle surface increases, and the brittle fracture gradually dominates the fracture of the
charging steel (Figure 7(d1,d2,e1,e2)). The proportion of brittle regions further increases
with the increase in the hydrogen charging current density (Figure 8). This further proves
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that the toughness loss of the material increases, which is consistent with the change in
the stress–strain curve mentioned above. After the application of the current, the fracture
mode of the material changes from ductile necking to brittle fracture.
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4. Conclusions

The relationship between charging conditions and hydrogen-assisted degradation of
Q690 steel is investigated in this paper. The following conclusions are obtained:

(1) The current density has a significant effect on the blistering and internal damage of
Q690 steel. As the current density increases, the shape of the blistering changes from
dome shaped with well-defined boundaries to flat topped with rough edges, and the
number of blisters increases accordingly.

(2) Compared with the growth of blisters, high current density is responsible for the
initiation of blisters. At higher charging current densities (50 mA/cm2) and longer
charging time (12 h), deep hydrogen-induced cracks appear in the interior of the steel
due to the mass accumulation of hydrogen at the boundary. As the hydrogen charging
current density increases, the hydrogen-induced cracking mode changes from the
intergranular and transgranular mixed mode to the intergranular mode.

(3) Electrochemical hydrogen charging causes the loss of mechanical properties of Q690
steel and the transition from ductile fracture to brittle fracture. The HE sensitivity and
brittle zone area of Q690 steel increase with the increase in current density.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cryst13060918/s1, Figure S1. Schematic diagram of the
experimental setup for hydrogen charging used in hydrogen charging tests; Figure S2. Schematic
diagram of the processing (a) and geometry (b) of tensile specimens used in SSRT tests as well as the
schematic diagram of the experimental setup (c); Table S1. Relevant parameters of hydrogen charging
experiments; and Table S2. Ultimate tensile strength, elongation, and energy density of Q690 alloy at
different hydrogen charging current densities.

https://www.mdpi.com/article/10.3390/cryst13060918/s1


Crystals 2023, 13, 918 12 of 13

Author Contributions: Conceptualization, H.M., H.T., Z.W., K.H., Y.W. and Q.Z.; methodology, H.T.,
Y.W. and Q.Z.; validation, H.T. and Z.C.; formal analysis, H.M. and Z.W.; investigation, H.M., H.T.,
Z.W., K.H., Y.W., Q.Z. and D.L.; resources, Z.C.; data curation, D.L. and Z.C.; writing—original draft
preparation, H.M. and H.T.; writing—review and editing, H.T.; visualization, D.L.; supervision, Z.C.;
project administration, H.M. and Z.C.; funding acquisition, Z.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the 2021 Taishan industry leading talents project and the Key
Research and Development Program of Shandong Province, grant number 2020CXGC010305.

Data Availability Statement: The raw/processed data required to reproduce these findings can be
obtained when contacting the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Olsson, J.; Snis, M. Duplex—A new generation of stainless steels for desalination plants. Desalination 2007, 205, 104–113. [CrossRef]
2. Liu, D.; Cheng, B.; Chen, Y. Strengthening and toughening of a heavy plate steel for shipbuilding with yield strength of

approximately 690 MPa. Metall. Mater. Trans. A 2013, 44, 440–455. [CrossRef]
3. Luo, H.; Zhao, B.; Pan, Z.; Fu, Y.; Li, X. Hydrogen induced microstructure evolution and cracking mechanism in a metastable

dual-phase high-entropy alloy. Mater. Sci. Eng. A 2021, 819, 141490. [CrossRef]
4. Djukic, M.B.; Bakic, G.M.; Zeravcic, V.S.; Sedmak, A.; Rajicic, B. Hydrogen Embrittlement of Industrial Components: Prediction,

Prevention, and Models. Corrosion 2016, 72, 943–961. [CrossRef] [PubMed]
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