VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

£

Impact of electrolytic hydrogen charging on
the mechanical properties and
microstructure of AISI 304 austenitic
stainless steel

Amar Abboub?, Ahmed Aboura®, Khaled Benmahdic,
Mohamed Sadoun?, Mohamed Boukhelef®
a Mustapha Stambouli University, Faculty of Sciences and Technology,
Department of Mechanical Engineering,
Mascara, People's Democratic Republic of Algeria,
e-mail: abboub.amar@yahoo.com, corresponding author,
ORCID iD: https://orcid.org/0009-0004-0158-5837

b Ahmed Zabana University, Faculty of Sciences and Technology,
Department of Mechanical Engineering,
Relizane, People's Democratic Republic of Algeria,
e-mail: ahmed.aboura@univ-relizane.dz,
ORCID iD: https://orcid.org/0009-0005-3509-2026

¢Mustapha Stambouli University, Faculty of Sciences and Technology,
Department of Civil Engineering,
Laboratory for the Study of Structures and Mechanics of Materials,
Mascara, People's Democratic Republic of Algeria,
e-mail: k.benmahdi@univ-mascara.dz,
ORCID iD: “https://orcid.org/0000-0002-8244-5817

4 Mustapha Stambouli University, Faculty of Sciences and Technology,
Department of Civil Engineering,
Laboratory for the Study of Structures and Mechanics of Materials,
Mascara, People's Democratic Republic of Algeria,
e-mail: m.sadoun@univ-mascara.dz,
ORCID iD: “https://orcid.org/0009-0008-2314-9402

¢ Mustapha Stambouli University, Faculty of Sciences and Technology,
Department of Mechanical Engineering, Mascara, People's
Democratic Republic of Algeria,
e-mail: mohamed.boukhelef@univ-mascara.dz,
ORCID iD: ‘& https://orcid.org/0009-0003-1897-9536

doi https://doi.org/10.5937/vojtehg73-56087

FIELD: materials
ARTICLE TYPE: original scientific paper

Abstract:

Introduction/purpose:  Hydrogen embrittlement (HE)  substantially
decreases the mechanical properties of austenitic stainless steels,
constraining their efficacy in diverse applications. This study examines the
impact of electrolytic hydrogen charging on the mechanical characteristics
and microstructure of AISI304 stainless steel, a commonly utilized grade.
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Methods: Tensile specimens measuring 8 mm in diameter were produced
through machining and subjected to hydrogen loading electrolytically at
different times in a glass chamber containing sulfuric acid (H.SQ4) at 0.05M.
The mechanical tests were conducted using a Karl Frank GMBH tensile
testing universal machine, type 83431. The samples underwent
microscopic analysis by means of optical microscopy (OM), X-ray diffraction
(XRD), and scanning electron microscopy (SEM). The experimental
characterization involved producing cylindrical specimens which underwent
heat treatments (austenization) ranging from quenching to tempering,
followed by immersion in a cold heat treatment cycle at -196°C for 35
minutes. Hydrogen preloading was carried out through electrochemical
hydrogen charged for different loading times in hours.

Results: The results showed that the effects of hydrogen embrittlement
(HE) on AlISI304 stainless steel are characterized by a decrease in ductility,
sometimes undergoing sudden embrittlement. This phenomenon is
consistently recognized by other authors who have demonstrated a loss of
ductility due to the martensitic transformation of austenite caused by
deformation and hydrogen diffusion.

Conclusion: Inclusions such as second-phase patrticles, carbide
precipitates, inclusions of small, medium, or large size, interfaces, and
interphases, can be considered inclusions. Their mechanical properties and
hydrogen transport and segregation mechanisms differ from those of the
matrix, particularly in martensitic structures. The observation of the optical
dark area (ODA) and black spots indicates that hydrogen is concentrated
either in the molecular form H, or combined with sulphur in the form of H»S.
Key words: AISI304 stainless steel, heat treatment, mechanical propetrties,
hydrogen charged, hydrogen embrittlement, microstructure

Introduction

Hydrogen embrittlement (HE) substantially decreases the mechanical
properties of austenitic stainless steels, constraining their efficacy in
diverse applications (Cauwels et al., 2019; Amar Abboub et al., 2024). This
study examines the impact of electrolytic hydrogen charging on the
mechanical characteristics and microstructure of AISI304 stainless steel,
a commonly utilized grade. Austenitic stainless steels, especially AlSI1304,
are extensively utilized across several industries owing to their superior
mechanical qualities, corrosion resistance, and high ductility. These
characteristics render them suitable for use in demanding environments,
including chemical, petrochemical, and nuclear sectors. The performance
of AISI304 stainless steel can be substantially compromised by hydrogen
embrittlement, a significant concern for materials subjected to hydrogen-

rich environments.
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Chrome nickel stainless steels are steels with excellent corrosion
resistance which allows them to be chosen as a material intended for
application in the energy industry (Cunat, 2000; Colombié, 2008). During
their operations, often in aggressive hydrogenated environments, these
steels undergo degradation of their mechanical strength and ductility - this
is the phenomenon of hydrogen embrittlement called the (HE)
phenomenon (Brass et al., 2000). Hydrogen, diffusing in atomic (H) or
molecular Hz form in the crystal lattice of the metallic material, weakens
the atomic bonds (Lynch, 2012), which results macroscopically in a
change in the mechanical properties and premature cracking at a stress
below the elastic limit and by the loss of ductility during mechanical
stresses (Frappart et al., 2011; Creus, 2013.; Chéne, 2009). Generally, the
sensitivity of stainless steels to the (HE) phenomenon is influenced by their
microstructure (Brass et al., 2000; Frappart et al., 2011; Lynch, 2012). The
ferritic (a) phase of iron has a hydrogen conduction coefficient greater than
that of the austenitic (y) phase; for the case of solubility, it is the opposite
- the austenitic (y) phase has a higher hydrogen solubility than that of the
ferritic (a) phase (Brass et al., 2000; Chéne, 2009).

The mechanisms of hydrogen embritllement (HE) are influenced by
several factors, including the materials involved and specific experimental
conditions (Grimault et al., 2012; Bach, 2018; Blanchard et al., 1960; EI
Hilali et al., 1999; Ly, 2009; Hamissi et al., 2016; lacoviello, 1995; Sales,
2015) such as temperature, loading speed, hydrogen content, and
duration of loading (Brass et al., 2000; Chéne, 2009). Numerous studies
have established that hydrogen poses a significant risk to the mechanical
properties of metallic materials, particularly affecting ductility, toughness,
and strength (He et al., 1999; Depover et al., 2014; Laureys et al., 2018;
Cauwels et al.,, 2019; Robertson et al., 2015). This phenomenon is
primarily linked to the interaction between existing defects in the metal and
hydrogen (Brass et al., 2000; Chéne, 2009; Lynch, 2012). Research has
identified various mechanisms, including the rapid diffusion of hydrogen
and its quick adsorption on defects (Chéne, 2009), which adversely impact
material performance. The key interactions of hydrogen with intrinsic
trapping sites, such as dislocations, micro-voids, pores, grain boundaries,
inclusions, and oxide-matrix interfaces (Lee & Lee, 1987; He et al., 1999;
Jin et al., 2010; Murakami et al., 2013, Laureys et al., 2018), are the critical
factors contributing to the degradation of mechanical characteristics.
These detrimental effects are especially pronounced during mechanical
tensile fracture tests (Depover et al., 2014), where the presence of
hydrogen can lead to a substantial reduction in material performance. The
X-ray analysis of hydrogen-loaded material revealed a pseudo-martensitic




transformation, which accounts for the observed loss of ductility in the
material. Scanning electron microscope (SEM) observations indicated that
hydrogen interacts with non-metallic inclusions (Murakami et al., 2013),
manifesting as dark areas, referred to as observation of the optic dark area
(ODA). The experimental work was essential in elucidating the hydrogen
embrittlement (HE) phenomenon and its impact on the mechanical
properties of the material. The study utilized AlSI304 stainless steel which
was an electrochemically-hydrogen preloaded process at room
temperature, as referenced in multiple studies (Murakami & Matsunaga,
2006; Robertson et al., 2015; Aurélie Laureys et al., 2020; El Hilali et al.,
1999; Hamissi et al., 2016; Amar, 2023).

This research work focused on studying the influence of quenching
and tempering heat treatments on the (HE) phenomenon, and utilized
various observation techniques including optical microscopy and scanning
electron microscopy.

Experimental work

Materials

Chemical composition

The material used in this experimental study is AISI304 austenitic
stainless steel with the chemical composition given in Table 1 below.

Table 1 — Chemical composition (Wt. %) of the AISI304 steel studied

Chemical composition (WE. %)

Fe% C% Cr% Ni% Si% Mn%
69.35 0.0632 17.98 9.64 0.0114 1.65
P% S% NB% Mo% Al% Co%
<0,00030 0.028 0.0491 0.365 0.0074 0.0991
B% V% Ti% Cu% W% Pb%

0.0152 0.0864 0.0052 0.174 0.0316 0.0045

Specimen geometry

The experimental part involves using standardised DIN50125 tensile
specimens with the cylindrical shape and dimensions shown in Figure 1.
These specimens are machined on a semi-automatic lathe TRENS, a.s.
Suvoz 91132 Slovakia, type EN 50 C.
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Figure 1 — Dimensions of the tensile specimens according to the standard (DIN
TASCHENBUCH 19, 1975) (all dimensions are in mm)

Mechanical properties

The initial mechanical properties of the material in its raw state without
heat treatment (as-delivered condition) are shown in Table 2 below.

Table 2 — Initial mechanical characteristics of the AISI304 steel

Initial mechanical properties
Rm, Re, Rr,

[T}, [Ys], [FS, A2 B0
Material (Air) (Air) (Air) (Air)  (Air)

(MPa) (MPa) (MPa) (%) (%) (MPa)
AlISI304
As-delivered  686+7.03 589+1.79 414+0.12 785 415 200000 0.27
condition

Heat treatments

Following the fabrication of the specimens, an austenizing procedure
was performed using the thermal cycle shown in Figure 2. It involves
heating at 1050°C for 30 minutes and then quenching in the water.

Step two was to apply a temperature of 700°C for 35 minutes, then
cool the specimens at room temperature to obtain a homogeneous and
stable austenite structure. This results in a relaxation of residual stresses
and an increase in the mechanical strength by micro-plasticity (BARRALIS
et al., 1999; Grimault et al., 2012; Amar, 2023).
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Figure 2 — Heat treatment cycle used (Amar, 2023)

Tempering at 700°C after solution quenching has several important
objectives. Firstly, it aims to stabilise the austenitic microstructure by
reducing the residual internal stresses caused by rapid quenching, which
could otherwise promote martensite formation on subsequent stressing.
Secondly, although treatment at this temperature can lead to sensitisation,
particularly in AISI304 steel, a controlled short holding time at 700°C can
maximise the stress stabilisation effect while minimising the risk of
chromium carbide precipitation at grain boundaries, which could
compromise intergranular corrosion resistance. Finally, this tempering also
helps to reduce the density of residual crystalline defects. The main
challenge is therefore to strike a balance between stabilising the austenite
and maintaining good corrosion resistance.

Cryogenic heat treatment at -196°C

After austenitization, the tensile specimens underwent cold
quenching (with N2 liquid nitrogen bubbling) (El Hilali et al., 1999) following
the thermal cycle illustrated in Figure 3 (G. Prieto et al. 2017). This type of
treatment was carried out following a succession of immersions for 35
minutes and heating in the ambient air (ambient warm-up: 45 minutes).
The cold quenching cycle is repeated with twenty (20) cycles.
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Figure 3 — Cold quenching cycle applied at -196°C (Prieto & Tuckart, 2017)

A cryogenic treatment at -196°C is presented as a method of
obtaining a 'near perfect' material, based on the concept of zero entropy
at 0 K. This treatment offers several potential benefits. Firstly, it can
promote the transformation of residual martensite that can form as a result
of internal stresses after quenching. Although a complete transformation
is rare in AlISI304 steel, the cryogenic treatment can contribute to this
development. In addition, atomic diffusion is severely restricted at
cryogenic temperatures, reducing the likelihood of significant chromium
carbide formation while allowing the formation of very fine
nanoprecipitates.

Cryogenic quenching can also help to reduce internal stresses
through thermal cycling, which can relieve microscopic stresses. However,
it is important to note that it can paradoxically increase the density of
dislocations due to thermal shocks and induced stresses. These
dislocations, although more numerous, could have different characteristics
from those generated by machining, thus affecting hydrogen trapping.
Finally, the cryogenic treatment could improve microstructural
homogeneity by inducing very fine transformations or precipitates, thus
contributing to a more uniform microstructure.

Conditions of electrochemically-hydrogen charged
specimens

After the cyclic treatment, the specimens are electrolytically pre-charged
with hydrogen. The method consists of using an enclosure containing a
0.05M (H2S0.) aqueous solution of sulfuric acid equipped with two
electrodes, an unattackable platinum anode and a cathode connected to




the specimen, as illustrated in Figure 4 (a) and (b). Charging was carried
out at room temperature with a current density equal to 100 mA/cm? for
different durations, similarly to the author's work (Depover et al., 2014;
Aurélie Laureys et al., 2020; Cauwels et al., 2019; Hamissi et al., 2016;
Amar, 2023).

= I+
¥ | Specimen Id = 100 mAfem? Ptelectrode

Cathode

0.05M HzS04 + H20

(b)

Figure 4 — (a) Hydrogen-loaded specimens in 0.05M (H2S04) (pH=1.32) and (b)
schematic of the experimental cathodic hydrogen charging (Depover et al., 2014)

Mechanical tensile test

This experimental section describes the use of a universal
(tension/compression) testing machine manufactured by Frank Karl
GMBH to perform mechanical fracture tests on specimens preloaded with
hydrogen. The tests were performed at a displacement speed of 20
mm/min, chosen according to the calibration of the laboratory machine.
This equipment has an accuracy criterion of class 0.5, with a total
measurement uncertainty of between 0.1% and 0.25%. These
specifications correspond to those on the machine's nameplate and
comply with DIN 50125 (DIN TASCHENBUCH 19, 1975).

Immediately after the loading process, the samples were
characterized mechanically at room temperature using a tensile testing
machine supplied by Karl Frank GMBH (He et al., 1999; Hamissi et al.,
2016) with a maximum load capacity of 400 kN and a nominal speed of (§=
20 mm/min) equipped with a table to plot experimental tensile curves
(stress/strain), in order to calculate the different mechanical properties and
study the hydrogen embrittlement (HE) of the steel studied, presented in
Figure 5 (a), (b), and (c) and described in detail in Table 3.
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Figure 5 — Tensile machine Karl Frank GMBH used: (a) universal testing machine, (b) the
specimen before tensile fracture, and (c) the specimen after tensile fracture (Amar, 2023)

Results and discussions

Mechanical properties

Table 3 presents the data results of the mechanical properties after
the preloading protocol and the mechanical test by low tensile fracture at
room temperature.

The data results of the mechanical tensile tests obtained are shown
as experimental curves in Figures 6, 7, and 8 below.

The analysis of these curves shows a slight decrease in the
resistance of the material as a function of the quantity of absorbed
hydrogen represented by the loading duration, as Figure 6 shows. This is
in agreement with the work carried out by various researchers who
stipulate that hydrogen, by diffusing in the atomic form in the material,
regroups in the form of (Hz) gas to occupy the existing defects and
consequently exerts internal pressures (Murakami & Matsunaga, 2006),
which reduces resistance (Hamissi et al., 2016). Firstly, Subfigure 6 (a)
represents a decrease sensitive to the values of the mechanical resistance
stress strength (Rm) as a function of hydrogen pre-charging time in hours.
In parallel, a comparison of these values with the reference sample which
presents a significant value is greater (Rmuin > Rmg)) of the order of
Rmein @ 686+7.03 MPa to Rmg): 532+4.44 MPa or the mechanical
resistance passes through a minimum value of the order of Rmg :
51515.25 MPa, see Table 3. Secondly, a behavior expected by a yield
strength (Re) in (MPa) as a function of the level of number of hours of




hydrogen preloaded, which represents a progressive reduction at this yield
compared to the initial Reain, is of the order of Reaiy: 589+1.79 MPa to
Rer): 286+6.24 MPa, up to the duration of 13hours or this yield strength
passes through less significant values of the order of Re): 1911£9.82 MPa,
as Subfigure 6 (b) shows. According to the two parameters of the variation
of the mechanical resistance, stress strength Rm) and yield strength Re)
in (MPa) undergo drops and progressive reductions compared to the initial
Rein value.

Table 3 — Mechanical characteristics of AISI304 after electrochemically-hydrogen preloading

Data results of tensile strength after preloading of hydrogen
Hyarogen | rangin, | suengtn | suengin, | Elongation | Reducion | ardness
N [TS] [vs] [FR] ge | percentage | (N/mm?)

Specimens

in (hours) | Rm, MPa | Re, MPa | Rr, MPa A, % Z,% HRV 30
As-delivered | Uncharged | 686+7.03 | 589+1.79 | 414+1.12 41.5 78.8 227
Specimen.1 1 hour |532+4.44 | 286+6.24 | 302+5.47 58.2 79.7 166
Specimen.2 2 hours |553+3.43 | 254+7.77 | 334+3.94 57.7 78.6 172
Specimen.3 | 3 hours |553+3.43 | 24648.15 | 336+2.42 56.5 79.7 172
Specimen.4 | 4 hours |549+3.63|238+8.63 | 350+3.18 61.3 81.9 171
Specimen.5 | 5hours |541+4.01 | 238+8.53 | 342+3.56 58.2 80.8 168
Specimen.6 | 6 hours |551+0.24 | 238+8.53 | 358+2.80 59.6 80.8 172
Specimen.7 | 7 hours |545+3.82|230+8.91 | 358+2.80 57.9 80.8 170
Specimen.8 8 hours | 551+3.53 | 238+8.53 | 350+2.80 58 80.8 172
Specimen.9 | 9hours |541+4.01|2304+8.91 | 358+2.80 57.8 80.8 166
Specimen.10 | 10 hours |543+3.91 [ 230+8.91 | 334+3.94 69.4 82.9 169
Specimen.11| 11 hours |525+4.77 | 230+8.91 | 350+3.18 57.1 80.8 165
Specimen.12| 12 hours |515+5.25 | 222+9.29 | 342+6.60 64.5 81.9 158
Specimen.13| 13 hours |[515+5.25 [ 191+9.82 | 350+3.18 57.8 80.8 158

The result is that this type of AISI304 steel studied is fragile under the
effect of the industrial conditions adopted (Robertson et al., 2015; Cauwels
et al., 2019) and in tests in the presence of the aggressive environment,
the solution used is (H>.SO,) acid at 0.05M with nitrogen bubbling (EI Hilali
et al., 1999) and different loading times in hours. Thus the value of the
density of the applied polarization is 100 mA/cm? in order to carry the
internal microcracks induced by the influence of these mechanical
properties due to the absorption of charged hydrogen, as Subfigure 9 (b)
shows. The yield strength (Re) and the failure strength (Rr) decrease, as
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Figure 6 shows, with the increase in the tempering temperature due to the
mobility and movement of carbon atoms towards preferential sites, the
decrease in carbon concentration in the martensite quenched due to the
diffusion of carbon atoms in cementite, and the decrease in dislocation
density and lowering of hardening (Bhadeshia & Honeycombe, 2006).
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Figure 6 — (a) Variation of the resistance of stress strength, Rm, yield strength, Re and
failure strength, Rr, and (b) the yield strength of AISI304 steel with loading duration in
hydrogen medium sulfuric acid (H2SO4)




Plasticity variation

Figure 7 shows the variation of the plasticity properties for the steel
studies, which is improved by the hydrogen preloading conditions in order
to undergo a light increase in percentage reduction Z (%) compared to the
reference Zain (78.5 %) to Zwy (79.7 %) in order to reach a value that
becomes stable throughout the level in hours, which is Z) - 80.8 %. This
leads to a variation in the percentage elongation A (%) , which increases
relative to the reference condition from Air- 41.5 % to An) - 58.2 % until
it stabilizes at a plasticity value of An) of 57.8 %, as Table 3 shows. We
also note that, in general, the variation in the plasticity values of the (Z%ain
< Z%m), (A%nin < A%m) steel studied at the maxima increases
significantly and remains almost constant throughout the hydrogen time
loading stage in hours due to the duration and the sets of heat treatments
of tempering at 700°C (El Hilali et al., 1999) and thus the use of the
protocol immersion in succession following the cycle applied by cold
quenching at -196°C (Prieto & Tuckart, 2017; Amar, 2023).

The experimental results obtained show that the plasticity indicators,
ZH% and AH%, increase in the presence of hydrogen compared to the
unloaded specimen, Z(Air)%, A(Air)%, in its delivery state and without heat
treatment. This increase is directly correlated to the maximum number of
dips during cryogenic quenching cycles at -196°C. Furthermore, this
observed improvement in the plasticity indicators is attributed to the initial
grain refinement, similarly to the results in the work (G. Prieto & Tuckart.,
2017), which contributes to reduce the surface porosity of the studied
AISI304 steel.
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Figure 7 — Plasticity variation against hydrogen loading time
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Hardness

Figure 8 shows the results of the evolution of hardness which
undergoes a change in the level of loading time in hours. We noticed
(HRV(ain> HRV#)) that the reference specimen presents the greatest value
in HRV(air of the order of 227 N/mm? in relation to other test specimens
which are pre-loaded during different hydrogen cathodic charging times of
the order of HRV ) of 166 N/mm?2. Where the hardness passes through a
minimum value, HRV hardness (HRV)) is of the order of 158 N/mm?, as
Table 3 shows.
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Figure 8 — Evolution hardness HRV versus hydrogen loading time

The AISI304 austenitic steel (quenched/tempered) possesses a
martensitic structure after the previous heat treatments. Its structure can
be embrittled by hydrogen (HE), which may manifest as transgranular
facies characterized by an initiation site (inclusions) known as "fish eye".
This type of defect can be highlighted during mechanical stress through
tensile fracture tests. The results in a decrease in elongation at fractures
and necking are shown in Subfigure 9 (b). It is a consequence of hydrogen
enrichment at inclusions, grain boundaries, and micro-cavities, as well as
carbide precipitations (trapping). These interfaces can be embrittled in the
presence of hydrogen due to an inclusionary state, a precipitation state,
segregation of chemical species, and residual austenite.

States of specimen faces

The study investigates the microstructure and fracture characteristics
of AIS1304 steel through various mechanical tests. Tensile tests conducted




in the air serve as a baseline, revealing the specimen crude state without
any heat treatments, as Subfigure 9 (a) shows. In contrast, the tests
performed in the hydrogen environment for 13 hours, following quenching
at 1050°C and tempering at 700°C, show significant internal cracking
along the edges of the cylindrical specimen (Subfigure 9 (b)) (Aurélie
Laureys et al., 2020). This damage is attributed to a high concentration of
absorbed hydrogen which adversely affects the matrix integrity under
industrial conditions. The findings highlight the detrimental impact of
hydrogen exposure on the mechanical properties of AISI304 steel. The
diffusion and penetration of hydrogen molecules, particularly in the form of
(H2), are more pronounced in the austenitic phase (y) of metals compared
to the ferritic phase (a), even at room temperature (Frappart et al., 2011).
This phenomenon leads to a significant deterioration of the metal's
mechanical properties under various mechanical stresses during
application. The observations regarding AISI304 steel, which was
mechanically deformed and subjected to tensile loading, reveal a
heightened sensitivity to crack initiation (Subfigure 9 (b)), with numerous
inclusions present on the surface of the hydrogen-loaded samples. The
deformed samples show an increased concentration of dislocation tangles
at the interface with the matrix, resulting in localized hydrogen
accumulation that promotes crack formation. Additionally, the presence of
mico-voids (Subfigure 11 (b)), further accelerates the hydrogen
embrittlement mechanism. The high number of inclusions in the material
(Subfigure 10 (b)), along with the initiation of cracks at the grain boundaries
and near these inclusions, suggests that they may act as nucleation points
for hydrogen-induced cracks.

(a) (b)
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Figure 9 — Specimen faces after mechanical fracture at tensile testing: (a) crude state
faces, and (b) propagation of cracking faces, after the hydrogen pre-loaded state of
13hours

This results in a localized increase in hydrogen molecule
concentration at the interface of the test specimen, promoting the onset of
cracks. Additionally, a greater number of voids are present, which also
accelerates the hydrogen embrittlement mechanism (H.E.M). Since the
number of inclusions in the studied material is very high and initiatory
cracks have also been found on the grain boundaries and near inclusions
(Subfigure 10 (b)), they could also serve as nucleation points and voids for
cracks induced by hydrogen.

Microstructures evolutions

For this, we carried out mechanical polishing and chemical attack with
the 10% solution of oxalic acid (C2H20.), including the composition of 10
grams of oxalic acid in 100 millilitres of distilled water with an attack
duration of 15 to 40 seconds under a voltage of 6 volts to reveal the
microstructures represented in Subfigures 10 (a) and 10 (b) by optical
microscopic (OM) reference Leica DM4-GMBH. Subfigure 10 (a)
represents the microstructural analysis of the sample in the rough state
without heat treatment. It can be seen that the microstructure is composed
of several austenite platelets that are homogeneous with each other, with
the total absence of precipitates, carbides, inclusions and microcavities.
The corresponding microstructures, as Subfigure 10 (b) and Subfigure 11
(b) show, in the condition of austenitic and tempered AISI304 steel,
followed by hydrogen charging for 13 hours, show a transformation to the
martensitic (M) structure composed of several platelets with a lath-like
interior bearing a high density of carbide precipitates and inclusions at the
grain boundaries. Using the optical microscopy (OM) technique, an
observation of the microstructure of the sample pre-loaded with hydrogen
for a duration of 13 hours has revealed a dark area on the matrix near the
inclusion known as the optical dark area (ODA), commonly referred to as
"fish-eye" defect (Subfigure 12 (b)), similarly to the research conducted by
(Murakami & Matsunaga, 2006). Based on these observations, it is noted
that the growth in the number of ODAs is not attributed to the application
of mechanical fracture solicitations by tensile loading but rather induced
by the effect of the high mobility and rapid propagation of diffusible
hydrogen (H) localized within interstitial sites, and microstructural defects
trapped along the ODA-included zone.

On the other hand, the number of inclusions, as defects, is
consistently incoherent with the matrix and serves as high-energy trapping




sites. In the regions where there were few inclusions, hydrogen appeared
to weaken the grain boundaries, particularly at the interface between
inclusions and the matrix. That led to embrittlement of the studied material
without a change in the rupture mode, which continued to be ductile. The
same evolution observed by scanning electron microscopy (SEM)
(Subfigure 11 (b)) shows a high density and different sizes of ODA zones
which are increased and closely spaced among themselves and with
carbide precipitates at grain boundaries, depending on the adopted
industrial conditions that promote hydrogen loading: the aggressive
environment containing dihydrogen, a high density of the applied current,
and the hydrogen content diffused with respect to loading durations in
hours.

(a) (b)

Figure 10 — (a) Optical microscope (OM) images of the rough microstructure of the
stainless steel studied (x20um), and (b) the microstructure of the AISI304 steel pre-
loaded with hydrogen, presented around ODA inclusions and a large density of carbide
precipitates, small and medium-sized (x20um).
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Figure 11 — (a) Scanning electron microscope (SEM) image of the rough microstructure of
AISI304 austenitic stainless steel (x60um), and (b) the optical dark areas of steel loaded
with hydrogen presented around ODA inclusions (fish eye), microcavities and large
carbide precipitates in the grain boundaries (x50um)

ODA

Inclusion

(c) (d)

Figure 12 — (a) Scanning electron microscope (SEM) image of the optical dark areas
(ODAs) of the AlSI304 steel pre-loaded with hydrogen for 13hours, presents micro-
cavities and the ODAs around the inclusions (fish eye) (x60um). (b) The optical
microscope (OM) image of the AISI304 steel pre-loaded with hydrogen for 13 hours
presents the ODAs around the inclusions (fish eye) (x20um). (c) The optical micrograph
of the fracture origin (JIS SCM435, 0 = 561 MPa, Nf = 1.1x10%) with the optical dark area
(ODA) around the inclusion. (Murakami et al., 2006) (x60um). (d) and (e) The scanning
electron microscope (SEM) image of the inclusions in the QTM9 alloy (Murakami et al.,
2013) (x20 ym) and (x5 um)

Under the influence of deformation constraints, the hydrogen pre-
loaded into the studied material, as a function of loading durations in hours,
will be transported by dislocations to the area of maximum stress plasticity.
The accumulation of hydrogen in defects leads to the formation of cracks.
The formation of molecules along a row of adjacent hydrogen atoms
causes the anchoring of dislocations. At the same time, a fragile zone is




created, where maximum stress develops, reducing the resistance to
rupture of the zone and leading to the creation of micro-cracks (Lo et al.,
2009). The coalescence of these micro-cracks under the effect of high
pressure from hydrogen molecules into a large crack causes the
displacement and advancement of this crack. Carbide precipitations at
grain boundaries (Lee & Lee, 1987; Aurélie Laureys et al., 2020) or the
presence of high-density carbides in various forms of carbide precipitates
(Laureys et al., 2018), due to the penetration of the hydrogen molecule
(H2), form which is called a "fish eye" defect, as Subfigure 11 (b), Subfigure
12 (a) and Subfigure 12 (b) show, validated by the work of (Murakami &
Matsunaga, 2006), as Subfigures 12 (c), 2 (d), and (e) show (Murakami et
al.,, 2013). In parallel, these small coherent and/or semi-coherent
precipitates are associated with low-energy traps. However, they can trap
a large amount of hydrogen, while incoherent precipitates are associated
with high-energy traps that trap very little hydrogen (Subfigure 10 (b))
(Frappart et al., 2011).

Scanning electron microscope (SEM) analysis

A reference Scanning Electron Microscopy (SEM) Quanta FEG650
(accelerating voltage at 20.00Kv, spot size of 5.0nm) in combination with
Energy Dispersive X-ray Analysis (EDXA), for the observation of fracture
surfaces on cylindrical specimens, has revealed large inclusionary zones
where the number of these inclusions represents privileged sites for the
initiation of internal cracks in the mechanism of hydrogen-induced cracking
(HIC) (Jin et al., 2010). That is particularly true for the HIC phenomenon.
The nature of these ODA (Optical Dark Area) inclusions (Jin et al., 2010)
is characterized by their shapes, sizes, numbers, and distribution state,
which are their main characteristics. These characteristics have a
significant influence on the cracking process in the presence of hydrogen
molecules (Hz). The most harmful inclusions are coarse and closely
spaced elongated inclusions (Murakami et al., 2013), as shown in
Subfigures 12 (a) and (b). This results in a fracture surface where the
metallic matrix is less ductile, and micro-cavities that appear at the particle
interfaces can act as internal cracks. If the stress intensity factor exceeds
the toughness of the material under study, crack propagation then leads
to sudden fracture, which is highly brittle, as depicted in Subfigure 9 (b).

The ODAs around the inclusions observed in Subfigure 10 (b) and
Subfigure 11 (b) play a significant role in the damage to the studied
material. Indeed, the deformation incompatibility between the inclusions
and the matrix can lead to local stresses that favour either inclusion
fracture or interface decohesion. If the metallic matrix surrounding the
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inclusions is ductile, the microcavities created during plastic deformation
subsequently grow and ultimately lead to final fracture, typically through
the process of coalescence, as depicted in Subfigure 12 (c) (Murakami &
Matsunaga, 2006).

In this case, it can be concluded that the influence of hydrogen loading
of AISI304 material is indeed significant for tensile rupture, especially
when the surface of the fracture face of the sample, quenched/tempered
and subsequently loaded for a prolonged duration of 13 hours, exhibits
numerous internal cracks in all directions (Subfigure 9 (b)). In parallel, the
microstructure matrix observed by SEM represents zones formed by
several microcavity holes (Subfigure 11 (b)). This is where carbide
precipitates at grain boundaries come into play, exerting their effects by
accelerating hydrogen trapping.

The SEM ODA observation represents an intelligent quantitative
analysis of the elemental composition of the material studied by EDAX,
showing significant changes following the thermal treatments applied and
the hydrogen loading process. A significant reduction in the percentages
of the key elements is observed compared to the unloaded specimen (in
as-delivered condition). Specifically, the carbon content is 6.46% by
weight, iron 60.14% by weight, nickel 6.31% by weight, chromium 15.22%
by weight, and sulphur 0.76% by weight. In addition, the typical spectral
analysis representing the characteristic peaks of the identified elements of
a sample preloaded with hydrogen shows the total absence of the
elements of aluminium and molybdenum in this treated material. These
results are supported by visual representations of the data in Figures 13
and 14, and the reference tables, Tables 4 and 5 in particular. Overall, the
results show a significant change in the elemental composition of the
material as a result of the electrolytic loading process under the industrial
conditions adopted.
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Figure 13 — (a) Scanning electron microscope (SEM) microstructure (as-delivered
condition) of AISI304 stainless steel (x20um); and (b) Energy-Dispersive X-ray Analysis
(EDXA) microanalysis of the elemental composition of AISI304 steel in crude state

Intelligent quantitative results before electrochemically-
induced hydrogen loading

The data presented in Table 4 summarise the intelligent quantitative
results, expressed in weight percent (%). These results were obtained
under as-delivered conditions prior to the implementation of
electrochemically induced hydrogen conditions.

Table 4 — Intelligent quantitative results of AISI304 in crude state before
electrochemical hydrogen loading

Intelligent quantitative results

Element % mass % atomic  Total Intensity Error %
CK 7.64 25.67 121.29 12.75
FK 4.19 8.89 278.13 11.33
AIK 0.58 0.87 51.09 15.74
SiK 0.69 0.99 82.02 10.66
MoK 0.46 0.57 61.86 12.37
CrK 16.08 12.47 1491.38 3.55
MnK 1.42 1.04 101.55 10.10
FeK 61.71 44.56 3694.93 2.47
NiK 6.53 4.49 286.49 5.34
CuK 0.70 0.44 25.35 22.95

(a) (b)
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Figure 14 — (a) Scanning electron microscope (SEM) image of the microstructure of the

AISI304 stainless steel specimen after 13 hours of electrochemical hydrogen charging

(x20um), and (b) Energy-Dispersive X-ray Analysis (EDXA) microanalysis indicating the
ODAs around the inclusions contained in AISI304 steel

Intelligent quantitative results after electrochemical
hydrogen preloading

The initial Intelligent quantitative results expressed in wt (%) of the
matrix composition after electrochemical hydrogen preloading are detailed
in Table 5.

Table 5— Intelligent quantitative results in wt (%) after hydrogen preloading

Intelligent quantitative results

Element % mass % atomic  Total Intensity Error %
CK 6.46 22.39 93.18 13.07
FK 4.38 9.82 272.59 11.30
SiK 0.66 0.98 71.44 11.39
S K 0.76 0.66 62.76 12.30
CrK 15.22 12.99 1371.09 3.58
MnK 1.22 1.15 98.95 10.64
FeK 60.14 47.07 3436.50 2.48
NiK 6.31 4.51 252.83 5.70
CuK 0.65 0.43 21.6 29.69

The analysis of Figures 13 and 14 reveals a significant result
concerning the presence of sulphur in the materials examined.
Specifically, the raw structure shows no sulphur content, whereas the ODA
microanalysis indicates the emergence of sulphur (S).

This presence of sulphur is critical because it can react with hydrogen
to produce hydrogen sulphide (H2S). The formation of H.S is linked to the
development of hydrogen embrittlement (HE) in AlSI304 stainless steel.
Consequently, sulphur is identified as a harmful element that adversely
affects the material's resistance to hydrogen embrittlement, highlighting its
detrimental impact on the integrity of the steel.




Conclusion

This experimental study investigates the influence of hydrogen
induced by the electrochemically-hydrogen preloading process on AlSI1304
stainless steel ductility, tensile strength, and fracture behavior. Based on
the experimental results and analysis using optical microscopy (OM), X-
ray diffraction (XRD), and scanning electron microscopy (SEM), the
conclusions are drawn as follows:

The variation in the mechanical stress strength (Rm), yield (Re), and
failure (Rr) of AISI304 austenitic stainless steel decreases significantly
with the increase in the duration time in hours of hydrogen preloading. That
can be explained by the fact that hydrogen, diffusing into the atomic lattice
of the steel in the form (H), causes weakening of the metallic bond which
causes the resistance to decrease until the material breaks.

The increase in the tempering temperature leads to a decrease in the
variation in mechanical strength: (Rm), (Re) and the (Rr) with an increase
in ductility A (%), Z (%).

The effects caused by the hydrogen embrittlement (HE) phenomenon
on AISI304 stainless steel are characterized by a decrease in its ductility,
which sometimes undergoes a sudden embrittlement.

Heat treatments and electrolytic hydrogen charging can significantly
improve the plasticity of AISI304 austenitic stainless steel.

In cathodic loading, the conditions involved (charging time in hours,
high current density, high acid concentration) can lead to a substantial
difference in hydrogen concentration between the surface and the core of
the internal matrix structure.

All second-phase particles (y) residual, carbide precipitates,
inclusions of small, medium, or large size, as well as interfaces and
interphases, can be considered as inclusions. Their mechanical properties
and hydrogen transport and segregation mechanisms differ from those of
the matrix, particularly in the case where the structure is martensitic. That
can be explained by the fact that hydrogen diffusing into steel creates a
pseudo-martensitic transformation.

Optical Dark Areas(ODAs) surrounding inclusions manifest as black
spots, corresponding to regions of hydrogen accumulation either in the
molecular form (Hz) or combined with sulphur in the form H,S. These two
gases are responsible for the HE phenomenon in AISI304 austenitic
stainless steel.

Symbols and abbreviations
Rm: Tensile strength, [TS], (MPa)
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Re: Yield strength, [YS], (MPa)

Rr: Failure strength, [FS], (MPa)

A: Percentage elongations, in (%)

Z: Percentage reduction, (striction), in (%)
HRV (30): Hardness vickers, in (N/mm?)
&: Nominal speed, in (mm/min)

E: Young’s modulus, in (MPa)

v: Poisson’s modulus

y: Austenitic phase (A)

a: Ferritic phase (F)

M: Martensitic structure (M)

A : Austenitic structure

ODA: Optical dark area
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YTuuaj enektponutuykor ontepehewa BOOOHUKOM Ha MexaHu4ka
CBOjCTBa M MUKPOCTPYKTYPY ayCTeHUTHor Hephajyher yenuka AlSI 304

Amap Aby6a?, aytop 3a npenucky, AxmedAbypa 6, Xaned beHmaxou?,

Moxamed CapyH?, Moxamen Bykened?

2 YuuBepanteT Myctada Ctambynu, dakynteT Hayka n TexHonoruje, Oacek
3a MalWwunHcTBO, Mackapa, HapogHa [demokpatcka Penybnuka Amxup,

6 YHuBepauteT Axmes 3abaHa, GakynteT Hayka U TeXHomnoruje ,

OBNACT:maTepujanu
KATEITOPUJA (TUM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: BodoHu4Ha kpmocm (HE) y 3HamHOj Mepu ymarbyje
MexaHu4yka ceojcmea aycmeHUmHux Hephajyhux 4denuka 4ume
oepaHuy4asa HUxo8y eghukacHoCm y pas3uyumum ripuMmeHama. Y pady ce
ucrumyje ymuuaj — U3/TOXEHOCMU efIeKmponumu4KoM 6000HUKY Ha
MexaHuUYyKe  Kapakmepucmuke U MUKPOCMPYKMypy  WUPOKO
3acmynrbeHoe aycmeHumHoe Heplhiajyhee denuka AlSI 304.

Memode: 3amesHe enpyseme rpeyHUka 8 MM rpou3gedeHe cy
MawuHckoMm obpadom u nodepeHyme onmepehery eneKkmponumuYKum
B8000HUKOM y pasnu4yumomM mpajary y cmakreHoj komopu ca 0,05 M
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cymriopHe kucenuHe (H>SO.4). MexaHuyka ucriumueara Cy eplwieHa Ha
KuQanuyu yHugep3anHoz murna 83431 cbupme ,Kapn ®paHk GmbH”.
Enpyseme cy MUKDPOCKOICKU ucriumaxe rnoMoRy orimuykoe MUKpOCKora
(OM), Oucppakuuje X 3paka (XRD) u  ckeHupajyhe enekmpoHcke
Mukpockonuje (SEM). Y nipouecy ekcriepumeHmarHe Kapakmepusayuje
uspaheHe cy yunuHOpu4YHe eripyeeme Koje cy 3amum rodspeHyme
mepmu4Koj 0bpadu (aycmeHusayuju), 00 kKarbera 00 omnywmarba, Kao u
UUKIycy HakHalHe usrnoxeHocmu xrnadHohu Ha -196°C y mpajarsy 00 35
MUHymMa.

lpedonmepeher-e 8000HUKOM U3BEOEHO je erleKmpOXeMUjCKUM rymem —
3a pasnuyuma epemMeHa ornmepeherba y camuma.

Pesynmamu: Pe3ynmamu cy noka3anu 0a ce ymuuaj 6000HUYHE
Kpmocmu Ha Hephajyhu udenuk AISI 304 oeneda y cMmarerby
OykmunHocmu U roHekad y Haeroj kpmocmu. Oea rmojasa je
KOH3UCMEHMHO yo4eHa u y padosuma dpyaux aymopa Koju cy yKasasu Ha
eybumak OykmusHocmu ycried MapmeH3umHe mpaHcgopmayuje
aycmeHuma npoyspokosaHe deghopmauujom u Aughy3ujom 8000HUKa.

Sakrbyuak: Hecmuue Opyee ¢hase — kapbudHu npeuunumamu, UHKIy3uje
Marnux, cpedrUX UMu eeslukux GUMeH3Uja, uHmepgejcosu U mehydghase
Mo2y ce cmampamu UHKIy3ujama. Hbuxoea MmexaHU4Yka ceojcmea U
mpaHcrnopm 8000HUKa, Kao U MexaHU3Mu cezpeaauuje, pasfukyjy ce od
OHUX Koju O00nuKyjy Mampuuy, Hapo4Yumo y MapmeH3UMHUM
cmpykmypama. Yodyagar-e orimu4yku mamHe obsiacmu (optical dark area —
ODA) u upHuUx mavaka yka3syje Ha mo 0a je 8000HUK KOHUeHmpucaH unu y
moreKynapHoMm obnuky Ho unu kombuHosaH ca cyMrnopom y obnuky H»S.

KmbyyHe peyu: Hephajyhu 4enuk AISI 304, mepmuyka obpada,
MexaHuyka ceojcmea, oimepehere 8000HUKOM, 80OOHUYHA Kpmocm,
MUKpOCmpyKmypa

VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 4

£

Paper received on: 16.01.2025.
Manuscript corrections submitted on:06.05.2025.
Paper accepted for publishing on: 27.05.2025.

© 2025 The Authors. Published by Vojnotehnicki glasnik / Military Technical Courier
(www.vtg.mod.gov.rs, BTr.mo.ynp.cp6). This article is an open access article distributed under the
terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/rs/).



http://www.vtg.mod.gov.rs/
http://%D0%B2%D1%82%D0%B3.%D0%BC%D0%BE.%D1%83%D0%BF%D1%80.%D1%81%D1%80%D0%B1/
http://creativecommons.org/licenses/by/3.0/rs/

	Experimental work
	Materials

	Results and discussions
	Mechanical properties
	Plasticity variation
	Hardness
	States of specimen faces
	Microstructures evolutions
	Scanning electron microscope (SEM) analysis

	Conclusion
	Symbols and abbreviations
	References

