W) Check for updates

Advanced Engineering Materials ADVANCED
ENGINEERING
MATERIALS

www.aem-journal.com

| RESEARCH ARTICLE CEIEED

Hydrogen-Assisted Fracture of Iron-Based Fe-Ni-Al Alloys

Nataliya Yadzhak* ® | Olha Zvirko® © | Rostyslav Leshchak® @ | Hryhoriy Nykyforchyn®

'Metals and Alloys, Faculty of Engineering Science, University of Bayreuth, Bayreuth, Germany | >Chair of Mechanics, Faculty of Mechanics and
Mathematics, Ivan Franko National University of Lviv, Lviv, Ukraine | 3 Department of Diagnostics of Materials Corrosion-Hydrogen Degradation,
Karpenko Physico-Mechanical Institute of the National Academy of Sciences of Ukraine, Lviv, Ukraine | “Department of Strength of Materials and
Structures in Hydrogen-Containing Environments, Karpenko Physico-Mechanical Institute of the National Academy of Sciences of Ukraine, Lviv, Ukraine

Correspondence: Nataliya Yadzhak (nataliya.yadzhak@uni-bayreuth.de)
Received: 30 November 2025 | Revised: 26 March 2026 | Accepted: 13 April 2026

Keywords: body-centered cubic alloys | Fe-based alloys | hydrogen embrittlement | mechanical properties | superalloys

ABSTRACT

Precipitate-strengthened Fe-based alloys, often referred to as body-centered cubic superalloys, are considered as promising
candidates for elevated-temperature applications up to 700°C due to their low density, cost efficiency, and favorable mechan-
ical performance in this temperature range. While the fundamental properties of the Fe-Ni-Al system are well studied, their
behavior under hydrogen-containing environments remains insufficiently understood, despite the high relevance of hydro-
gen-rich and H,0-bearing atmospheres in next-generation energy systems. Given the intrinsic room-temperature brittleness
of Fe-rich Fe-Ni-Al alloys and the ability of hydrogen to act as an embrittling agent, systematic investigation of hydrogen-
alloy interactions is essential. This study addresses this gap by examining the influence of hydrogen on Fe-rich compositions
within the Fe-Ni-Al system, providing insights into their mechanical response after hydrogen charging. Single-phased and
two-phased precipitate-strengthened Fe-Ni-Al alloys are compared in terms of mechanical properties after hydrogen charg-
ing, with the two-phase alloys showing over 50% better strength in both the reference and charged states, despite their brittle
behavior. The variety of investigated charging modes allows achieving a range of hydrogen concentrations that are related to
the failure stress of the alloys.

1 | Introduction To address these challenges, ferritic alloys, or ferritic superalloys, as

they are often referred to in literature [4, 5], have been developed,

In most challenging applications, Ni-based superalloys are the
material of choice due to their excellent properties, such as good
creep and high temperature resistance, combined with corrosion
and fatigue resistance [1, 2]. Attempting to go beyond Ni-based
superalloys, aluminides were developed for high-temperature
applications [3]. By possessing higher melting temperatures,
lower densities, better oxidation resistance, lower ductile to brit-
tle transition temperatures, comparable thermal expansion coef-
ficients to metals, and being inexpensive, they show advantages
compared to Ni-based superalloys [3]. However, their insufficient
performance is attributed to low creep and strength resistance at
high temperatures, as well as low fracture toughness and ductil-
ity at low temperatures [3].

following the beyond Ni-based superalloy approach. The distinctive
feature of this class of alloys is their matrix-precipitate microstruc-
ture, mimicking the microstructure of Ni-based superalloys with an
iron matrix and aluminide precipitates. In contrast to the face-cen-
tered cubic (fcc) microstructure of Ni-based superalloys, the Fe-
based alloys possess the body-centered cubic (bcc) microstructure
[5], belonging to the growing class of bec-superalloys [6, 7].

Ferritic superalloys are a promising class of high-temperature
alloys due to their low density, low costs, and good mechanical
properties at elevated temperatures up to 700°C. Possible interest-
ing applications are power-generating turbines and steam turbines
[8, 9]. However, with respect to the current developments,
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peripheral components might no longer be exposed to mainly fos-
sil fuel combustion atmospheres but rather to H,-containing
atmospheres [10]. Additionally, hydrogen can be incorporated into
the material during H,O-exposure. With respect to this, funda-
mental investigations have to be conducted on the stability of fer-
ritic superalloys to such conditions to further identify superior - or
also inferior — properties compared to commonly used materials
for these applications, such as Ni-based alloys or austenitic steels.

Although the operation of applications in hydrogen-rich environ-
ments often involves high temperatures, investigations of hydrogen
influence at room temperature are of significant importance, as the
presence of residual stresses arising during shutdowns cannot be
excluded. This is evidenced by cases in which failure occurred
not during operation, but after the structure had been taken out
of service. The practice of high-temperature operation of thermal
equipment shows that cracking is significantly influenced by shut-
downs during operation [11]. In addition, residual stresses are
known to develop as a result of hydrogen charging. A notable
example is hydrogen-induced cracking (HIC), which can occur
in the absence of externally applied loads and is driven by stresses
generated during hydrogen uptake. The manifestation of the HIC
mechanism in pipeline steels is accompanied by crack initiation
and propagation, as well as delamination [12]. Regardless of the
specific mechanism of hydrogen action, it affects the fracture
behavior of a material, underscoring the practical importance of
such evaluations under room-temperature conditions.

The current paper focuses on the investigation of the Fe-Ni-Al
system as a representative of the ferritic bce-alloys in relation to
the influence of hydrogen at room temperature. The general
properties, phase equilibria, and phase diagrams, crystallo-
graphic and thermodynamic features of the Fe-Ni-Al system
are widely studied [13-21]. The wide range of the existing and
potential applications of the Fe-Ni-Al system is attributed to
its desired properties, such as high melting point and good oxi-
dation resistance [19], as well as an attractive price. However, the
major drawbacks of this group of alloys are enhanced brittleness
and poor ductility at room temperature [19, 22]. Since hydrogen
also causes embrittlement, the effect of hydrogen on such sensi-
tive materials requires fundamental understanding. As one of the
widely spread external environments, hydrogen can be taken up
by metals, diffuses, and accumulates in metallic materials, influ-
encing their properties, microstructure, and phase equilibrium
[23-29]. The hydrogen influence differs depending on material,
microstructure, and type of specimens, causing hydrogen embrit-
tlement; however, in some cases, the reverse hydrogen effect has
been observed [30].

However, little study exists that systematically describes the Fe-
rich Fe-Ni-Al behavior in a hydrogen medium. Of the three ele-
ments of the Fe-Ni-Al system, iron was the first element where
hydrogen embrittlement was ever observed in 1874 [31], and the
iron-hydrogen interaction mechanism has been extensively stud-
ied since then. Since the hydrogen effect is related to alloy com-
position, microstructure, and crystal structure, the addition of Ni
and Al affects the hydrogen embrittlement process. For austenitic
steels, it was observed that Ni-alloyed steels show a strong
decrease in ductility under electrochemical hydrogen charging
[28, 32], while presenting little hydrogen embrittlement under
gaseous charging [33]. In addition, alloying Fe-based steels with

aluminum facilitates hydrogen embrittlement as compared to the
corresponding unalloyed material [28, 32]. In contrast to Ni-
based alloys and austenitic steels (fcc crystal structure), which
are presently used in a lot of high temperature applications, fer-
ritic steels (bcc crystal structure) are more sensitive to small
amounts of hydrogen and microstructural variations [34].

The effect of hydrogen on metallic materials and the hydrogen
embrittlement process are usually studied using a combination
of different approaches [24]. Mechanical investigations are
conducted at low deformation rates to account for hydrogen dif-
fusion during the test, so that slow strain rate testing and bending
testing are generally used [35, 36]. Microstructural approaches
include fracture surface examination, analysis of microstructure
and phase composition of the materials, and their influence on
the hydrogen-related behavior [37, 38]. Besides, the hot and melt
gas extraction is applied to determine the hydrogen concentra-
tion [39], thermal desorption analysis allows investigating hydro-
gen trapping and calculating the corresponding activation energy
[39, 40], and hydrogen diffusion coefficients can be measured by
hydrogen permeation tests [35, 41]. Advanced approaches incl-
ude secondary ion mass spectroscopy [42] and atom probe tomo-
graphy [43, 44] for mapping the spatial distribution of hydrogen,
as well as decoration techniques, such as the hydrogen micro-
print technique [37, 45], silver decoration, and Kelvin probe
[46] to locate hydrogen on the sample surface.

The present study focuses on fundamental research on the influ-
ence of hydrogen on ferritic bcc Fe-Ni-Al alloys by investigating
their mechanical properties at room temperature. This study
combines mechanical, microstructural, and thermal approaches
to investigate the hydrogen effect from a mechanical perspective.

2 | Experimental Section
21 | Materials Manufacturing

The studied alloys are Fe-based, alloyed with nickel and alumi-
num, while both Ni and Al content lie in the range of 10%-
25%. In this paper, the following three alloys are considered:
Fe65%-Ni10%-Al25%, Fe65%-Nil5%-Al20%, Fe65%-Nil7%-Al18%
(in at-%). The alloys were manufactured from raw elements
with a purity of over 99.95% (Fe: 99.97% purity produced by
ThermoScientific, Ni: 99.95% purity by HMW Hauner GmbH
&Co.KG; Al: 99.99% purity by Chempur Feinchemikalien und
Forschungsbedarf GmbH) using a vacuum induction melting fur-
nace. The composing elements were melted in a zirconium oxide
yttrium-stabilized crucible under vacuum to avoid oxidation of the
elements and poured into a copper mold. As a result, rectangular
ingots with a cross-section of 19 X 29 mm were obtained.

In order to achieve the desired matrix-precipitate microstructure,
the manufactured alloys underwent a two-stage heat treatment
process. First, the samples were homogenized by heating them
up to the temperature of 1250°C and holding for 4h, followed
by aging at the temperature of 850°C for 5h. The heat-treatment
was conducted in a vacuum cold-wall furnace (XERION Advanced
Heating Ofentechnik GmbH) under a vacuum atmosphere, which
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allowed to avoid oxidation of the alloys at high temperatures during
the process.

From the heat-treated alloys, samples were cut using electrical
discharge machining (Cut 200 SP by AgieCharmilles). The
obtained samples were ground using silicon carbide sandpapers
up to 1200 grit and degreased with acetone, in order to remove
the resultant oxide layer, eventual surface defects, and prepare
the surface for hydrogen charging.

2.2 | Materials Characterization

The chemical composition of the obtained ingots was determined
using micro X-ray fluorescence analysis (uXRF) (Orbis PC by
Ametek) and presented in Table 1.

The microstructural analysis involves the characterization of the
alloy microstructure using a scanning electron microscope (SEM,
ZEISS CrossBeam 1540 EsB) equipped with secondary electron
(SE) and backscatter electron (BSD) detectors. For the local
chemical analysis, a ThermoFischer EDX detector was employed,
while the phase analysis was performed by an X-ray diffractom-
eter (Bruker D8).

2.3 | Hydrogen Charging

In order to introduce hydrogen into the samples, electrochemical
hydrogen charging was used employing a self-built electrochem-
ical cell. The charging was conducted at room temperature in an
electrolyte consisting of an aqueous H,SO, solution with pH 1
and 800 pg/l H,SeO, as a charging promoter. A platinum mesh
electrode was used as an anode, and the sample served as a cath-
ode. During the charging process, the sample (19 X 6.5 X 2 mm)
was fully immersed in the electrolyte. To investigate the material
response to different hydrogen contents, the charging parameters
of cathodic current density, j, and charging time, ¢, were varied.
Constant current densities of 10 and 20 mA/cm? were applied for
charging times between 24 and 96 h. Despite the partially severe
charging conditions, they were chosen in a way that no blistering
occurred due to charging.

The hydrogen concentration was determined by the hot gas extrac-
tion method using a LECO DH603 hydrogen concentration ana-
lyzer. Measurements were conducted for all hydrogen-charged
specimens, the mass of the samples was 0.8 +0.05 g. During the
analysis, the specimen was heated up to 1100°C, which is below
the melting temperature of the alloys. The hydrogen present in
the material can be classified into diffusible (mobile) and residual
(strongly trapped) [25]. During the measurement at 1100°C, the

trapped hydrogen is released, transforming into diffusible hydrogen
and desorbing together with the diffusible hydrogen present at
room temperature. This combined release is recorded as the total
desorbed hydrogen. Thus, the integral hydrogen concentration is
determined irrespective of its initial state at room temperature.

2.4 | Mechanical Testing

Mechanical properties of the alloys were evaluated through
three-point bending testing and hardness measurements. The
hardness measurements were conducted by Rockwell (HRC)
according to DIN EN ISO 6508-1 [47] and microhardness by
Vickers (HV 0.1) under the test force of 0.9807 N according to
DIN EN ISO 6507-1 [48].

For the three-point bending tests, small specimens with dimen-
sions of 19 x 6.5 x 2 mm were used. For each case, the test was
repeated a minimum of three times. The specimens were tested
on the bending device with a former movement rate of
0.5mm/min and a distance between the supports of 16 mm
according to the DIN EN ISO 7438 [49]. The specimens were
loaded until fracture, recording the force F - time ¢ and deflection
f - time t diagrams. Subsequently, considering the loading rate
and the geometric parameters of the specimens, the recorded data
were converted into a force F - deflection f diagram, as well as a
stress o — strain ¢ diagram. The stress ¢ on the stretched surface of
the beam sample was determined by the formula

3FI
7= 212 M

where b - is the width, [ - the length, and h - the height of the test
specimen.

Based on the maximal force Fp,x and deflection fi.x values,
Young’s modulus E was calculated, and elastic deformation was
determined as a relation between the tensile stress and the
Young's modulus.

3 | Results and Discussion

3.1 | Materials

Figure 1 presents the microstructure of heat-treated alloys, inv-
estigated by SEM. After solution heat treatment and aging, the
FegsNij,Aljg and FegsNijsAly, alloys possess a highly-resolved
two-phased matrix-precipitate microstructure with an iron matrix
and B2 NiAl precipitates (Figure 1a—d), which is in line with liter-
ature data [19, 21, 50]. The shape of precipitates in both alloys is

TABLE 1 | The nominal and measured (uXRF) composition of the investigated alloys.
Nominal composition, at-% Measured composition, at-%
Alloy Fe Ni Al Fe Ni Al
FegsNijpAl,s 65 10 25 66.7 +£0.9 9.5+04 23.8+1.7
FegsNijsAly 65 15 20 66.6 = 1.3 143 +0.3 19.1 +£0.9
FegsNij,Alg 65 17 18 66.6 £0.9 16.2 £0.3 17.2+£1.0
Advanced Engineering Materials, 2026 3 of 13
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FIGURE 1 | Microstructure of FessNij;Aljg (a,b), FegsNijsAlyy (c,d), and FegsNijpAlys (e,f) alloys. SEM images using a BSD.

rounded cuboids, which coarsened and coalesced into elongated
rods. This resulted in the formation of plates and networks, creat-
ing a “maze-like” morphology, as also reported for Fe-Ni-Al-
Cr alloys [51]. In the FeqsNij;Alyg, the particle size ranges
from 0.2 um for cuboid precipitates to up to 2 pm for the coarsened
particles, with an average spacing of 0.1 pm. For the FessNijsAly
alloy, the precipitates are slightly smaller, ranging from 0.1 to
1 pm, with a spacing of 0.2 pm. The volume fraction of precipitates
in FegsNij;Alig is approximately 10% higher than in the
FegsNijsAly, alloy. The third alloy, FegsNijgAls, is single-phased
B2-(Fe, Ni)Al [18] (Figure 1e). Both two-phase alloys have com-
parable grain sizes, with FessNi;;Aljg possessing slightly larger
grains, while the grain size of FegsNijpAlys is almost two times
larger. The SEM-micrographs additionally show the presence of
matrix-precipitate sandwich structures along grain boundaries
(GB) (Figure 1b,d) for the two-phase alloys, which have also been
reported for other ferritic superalloys [5, 52].

3.2 | Mechanical Characterization
3.2.1 | Hardness and Microhardness

In Table 2, the hardness (HRC) and microhardness (HV 0.1)
values of the studied alloys are presented for the reference
state and the hydrogen-charged samples. Vickers hardness
HV 0.1 for a range of compositions in the Fe-Ni-Al system
has previously been reported by Dorantes-Rosales et al. [21]

and Contreras-Piedras et al. [19]. Increasing Al and Ni contents
were observed to lead to higher hardness due to a higher volume
fraction of precipitates, which, however, also results in reduced
coarsening resistance of precipitates [19, 21, 53]. In this respect, a
maximal threshold value of 15 at-% Ni and 15 at-% Al was pro-
posed for optimal hardness and coarsening properties [19, 21]. At
higher Ni and Al contents, the observed hardness decrease is
attributed to precipitate coarsening and interconnection [53]
as well as to the “splitting effect” of the hard B2 phase [54].

For all investigated alloys, charging exhibited no influence on the
HRC hardness. However, microhardness was affected by hydro-
gen charging, although to a different extent: the harder single-
phased alloy FeqsNijpAl,s showed a slight increase in HV 0.1,
while the two-phase alloys FegsNijsAlyy and FegsNij,Al g with
initially lower microhardness exhibited a stronger increase.

Taking into account the high diffusivity of hydrogen in bcc alloys
[29], as well as a prolonged charging time and small sample
thickness, the hydrogen is considered to penetrate through the
sample thickness during charging. Since the hardness measure-
ments were conducted shortly after charging to minimize hydro-
gen effusion from the sample, a correlation can be made between
the total hydrogen concentration and the surface hydrogen
concentration.

Hydrogen-induced increase in micro- and nanohardness is
widely reported for different materials [55-60]. The hardness

TABLE 2 | Hardness (HRC) and microhardness (HV 0.1) of alloys in the reference state and after charging at 20 mA/cm? for 24 h.

FegsNijoAlys FegsNiysAly FegsNip;Aly g
Hardness Reference state Charged Reference state Charged Reference state Charged
Hardness (HRC) 44 +1* 44 +1 39+1 39+1 38x1 38+1
Microhardness (HV 0.1) 540 =20 570 =23 380 =19 435 +18 255 +14 430 =19

*Values are reported as mean + standard deviation (SD).
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increase is explained by hydrogen—dislocation interaction and
reported to be related to the phenomenon of dislocation pinning
[56, 60], enhanced dislocation evolution [55], and solid solution
strengthening [55, 58]. Kirchheim [61] explains the hardening
phenomenon related to hydrogen by the defectant concept, link-
ing it to kink formation and motion at dislocations. The increase
of hydrogen concentration in a material leads to its segregation at
dislocations, creating hydrogen atmospheres. In this way, it pins
the dislocations, thereby increasing the required stress for plastic
deformations and leading to hydrogen-induced hardening [60].
This increase in hydrogen content is expected to occur under-
neath the indenter during hardness measurements at a level suf-
ficient to create a Cottrell atmosphere [59].

The hardening effect of hydrogen was also reported for bcc Fe-
based alloys [59, 62]. A gradual increase in hardness with charg-
ing time was observed during in situ nanoindentation tests, fol-
lowed by a slow hardness decrease after charging stopped and
hydrogen was effusing from the sample [59]. The observed
change in hardness was thus attributed to the action of diffusive
and weakly trapped hydrogen, leading to changes in dislocation
density and friction stresses [59]. As the solubility of hydrogen in
bee Fe-based alloys is low [29, 59], only a limited amount of
hydrogen can be accommodated in the single-phased solid solu-
tion alloy, so that the hydrogen-induced hardening effect in the
FegsNijpAlys is the least pronounced. In two-phase alloys
FegsNijsAlyy and FegsNij;Alyg, precipitate-matrix interfaces act
as traps for hydrogen, thereby facilitating the hardening effect.
The comparison between microstructure and hardness values
of both alloys shows that the FeqsNij;Alg alloy, containing a
higher fraction of precipitates as well as more coarsened precip-
itates, exhibits a more pronounced hardening effect. Precipitate
coarsening in the Fe-Ni-Al system has been reported to promote
the accumulation of dislocations at the matrix—precipitate inter-
face [53]. This is supported by the observation of Rao et al. [59],
where stronger hydrogen-induced hardening was reported for
alloys with a higher content of alloying elements due to a higher
amount of flat traps. As NiAl precipitates are known to possess a
limited trapping ability [63-65], the hardening effect can also be
attributed to diffusible hydrogen and dislocation interaction, sim-
ilarly to [59, 60].

The absence of a noticeable effect of hydrogen charging on hard-
ness, in contrast to its measurable effect on microhardness, can be

(a) 500
4001 FegsNijsAlyy
< 300 FegNi;, Al
: 4
3]
5 2001 FesNij Al
[
100+

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Deflection in mm

rationalized by considering the measurement techniques. The
HRC measurement technique operating with a higher force
and a spheroconical indenter tip is known to be much less sensi-
tive toward hydrogen-induced changes in hardness. Lee et al. [66]
reported almost no changes in the hardness of low-carbon steel
under various heat-treatment conditions after hydrogen charging,
consistent with earlier results of Seabrook et al. [67] where no
hardness increase was observed. It can be rationalized by consid-
ering the time required for hydrogen transport to the indentation
zone. The duration of indenter penetration during HRC and
HV 0.1 measurements is approximately the same according to
instrument specifications. However, the corresponding penetra-
tion depths and thus the deformation rate differ significantly,
being nearly two orders of magnitude larger for HRC measure-
ments compared to HV 0.1. This implies a considerable difference
in the diffusion process for hydrogen to diffuse to and accumulate
at the elastically stressed region at the indenter tip according to the
Gorsky effect [68, 69]. At the same time, it is well established from
hydrogen-mechanical tests that lower deformation rates signifi-
cantly enhance the effect of hydrogen [70].

3.2.2 | Strength

Mechanical properties of the alloys were assessed by three-point
bending testing. The three-point-bending testing was specifically
chosen over tensile testing in this case due to the brittle nature of
the alloys. According to the Gorsky effect, hydrogen concentrates
in regions of elastically stressed lattice, because elastic lattice dis-
tortions create energetically favorable sites for hydrogen [68, 69].
Thus, the bending test allows accumulating hydrogen in a local-
ized area, where fracture is going to occur, and, in this way,
intensifies the hydrogen influence on the brittle alloy. To analyze
the test results, the force-deflection relations were averaged for
each material for at least four specimens. The averaged force
F - deflection f diagrams for the uncharged alloys are presented
in Figure 2a. Based on these results, the averaged stress-strain o—¢
diagrams were obtained (Figure 2b).

As can be seen from the figure, the distinctive feature of the
mechanical behavior of the alloys was their enhanced brittleness.
The F-fdiagrams are characterized by a linear behavior, prevent-
ing to record the yield strength. The F-f and o-¢ diagrams dem-
onstrated no signs of macroplastic deformation of the alloys until
failure, which allowed us to determine their strength R,, based on

(b) 500

< 400+
=] FegsNijsAly
= 300+ :
g FeNi,,Al 4
]
L 200+
) FegsNij Al

100

0 . : - -
0 0.1 0.2 0.3 0.4

Strain in %

FIGURE 2 | Averaged force-deflection (F-f) and stress-strain (o—¢) diagrams for FessNij;Aljg, FegsNijsAlyy, and FegssNijpAlys alloys in the

uncharged state. X marks the fracture of the specimen.
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the maximum stress level: R,,, = 240 MPa, 375 MPa, and 400 MPa
for FegsNijpAlys, FegsNijsAlyy, and FegsNij;Alyg, respectively.
This behavior is considered to be a characteristic feature of this
group of alloys at room temperature. For comparison, the
mechanical behavior of conventional structural steels with simi-
lar hardness (HRC =38-44) would exhibit noticeable plastic
deformation regions, allowing for the determination of the yield
strength [71].

Figure 3 shows the mechanical behavior of the alloys after
cathodic hydrogen charging in the form of force-deflection
F-f diagrams. The specimens presented here were charged at
10 and 20 mA/cm? for 48 or 72h prior to being subjected to
tree-point bending testing. With account for certain data scatter,
the shaded data regions are presented in Figure 3, bounded by
the minimal and maximal data curve, where the test results
for each charging mode fall inside. To improve the figure read-
ability and avoid data overlap, only these minimal and maximal
data curves for each charging mode are shown, while the curves

(a) 600
500

400+ . 20 mA/em?, 72 h
10 mA/em”, 72 h

300+ \ 55
Uncharged

Force in N

200+

100
10 mA/cm?, 48 h

0 | . | | |
0 0.02 0.04 0.06 0.08 0.1 0.12
Deflection in mm

—
=)
~—

600

20 mA/cm?, 72 h

5004 10 mA/cm?, 72 h
Z 400
'E 300 Uncharged », g
3 i ’
£ A
B 200+ 10 mA/cm?, 48 h
20 mA/cm?, 48 h
100+
0

0 002 004 006 008 01 012
Deflection in mm

—
o
~

600
10 mA/cm?, 48 h
5001 20 mA/cm?, 72 k=5,
Z 400
£ Uncharged
8 3001 ncharged a
— 2
LE 2001 10 mA/em®, 72 h
100

0 . - : -

0 0.02 0.04 006 008 0.1 0.12
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FIGURE 3 | Force-deflection F-f diagrams for the FegsNijpAlss

(a), FegsNijsAlyg (b), and FegsNij;Alg (c) alloys after hydrogen charging
under different charging modes. X marks the fracture of the specimen.

lying inside each of the regions are omitted. For all alloys, it has
been observed that the curve corresponding to the uncharged
state is located with the highest inclination angle to the deflection
axis, while the curves corresponding to the charged specimens lie
underneath it. This means that for the same deflection value, a
higher force is necessary for the specimen to fail in the uncharged
state compared to the charged one. In addition, for the charged
specimens of especially both two-phase alloys FegssNijsAly, and
FeesNij;Alyg, in some cases, higher deflection values at failure
were recorded as compared to the uncharged state. However,
it should be noted that deflection reflects the compliance of
the sample and therefore causes significant scatter in the data
for such brittle alloys.

The observed scatter of experimental results after three-point
bending testing can be explained by several reasons. First, in
bec transition metals, brittle fracture constitutes a principal fail-
ure mechanism [72]. The brittle behavior of the studied alloys is
observed already in the reference state (Figure 2a) and partially
accounts for the scatter observed in the experimental results after
further embrittling of the alloys by the introduced hydrogen.
Second, since the studied alloys were cast in the laboratory,
despite careful selection of high-quality samples, the presence
of internal casting defects, such as small cavities, cannot be
excluded. Hydrogen, in its turn, is often trapped at defects, lea-
ding to hydrogen accumulation and thus higher hydrogen
concentrations near the defects [23, 73], which influences the
mechanical properties. Third, the sandwich structures of the
two-phase alloys create an additional phase-matrix-interface,
which is known to serve as a hydrogen trap [23].

The o-¢ diagrams averaged across all tested specimens for each
charging mode (Figure 4) showed no significant change in the
pattern of relations when compared with relations for the refer-
ence state for charged alloys. They remained linear and over-
lapped with the data for the reference state, with differences
only in the quantitative values of the fracture stress. This indi-
cates that, in contrast to the F-f diagrams, charging of the speci-
mens had no significant effect on the Young’s modulus of the
studied alloys within the accuracy of the stress-strain diagram
construction.

Table 3 summarizes the results of the effect of hydrogen charging
on the strength of alloys for the different charging modes based
on the averaged strength values. The alloy FeqssNi;oAl,s, the least
strong alloy in its initial state with R,,, = 240 MPa, is characterized
by a further decrease in strength. This data clearly demonstrates
the manifestation of hydrogen embrittlement. However, it should
be noted that charging with a current density of 10 and 20 mA/cm?
for the same duration of 72 h did not affect the R, level.

Both two-phase alloys, FegsNi;sAlyy and FegsNi;;Alyg, exhibiting
higher strength, in general, do not significantly differ from each
other in terms of the hydrogen effect after charging at
20 mA/cm?. However, some opposing effects can be observed,
i.e. an increase and a decrease in the strength of these alloys
as a result of hydrogen charging. Statistical analysis of the exper-
imental data based on standard deviation and standard error val-
ues confirms the reliability of the obtained data and conclusions,
including the observed differences in strength. At the same time,
instances where no statistically significant differences are
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FIGURE 4 | Stress-strain o-¢ diagrams for the FegsNijpAlys
(a), FegsNijsAly (b), and FegsNi; Al g () alloys after hydrogen charging
under different charging modes. X marks the fracture of the specimen.

observed are also noted, as indicated by the overlap of the experi-
mental data (Figure 3). Here, the microstructure of the metal
with increased brittleness and the presence of inclusions must
be taken into account, which induces a decohesive mechanism
of hydrogen influence with the formation of hydrogen traps as a
result of micro-damage.

TABLE 3 | Effect of hydrogen charging modes on the bending strength.

3.3 | Fractography Analysis

The tendencies observed during the mechanical testing are sup-
ported by the SEM images of fracture surfaces. The fracture surfa-
ces of all three alloys, investigated in both charged and uncharged
states, exhibit a brittle fracture pattern. A direct comparison of
the charged and uncharged states is presented on the example
of the FegsNij;Al g alloy. Figure 5 shows the fracture surface of
the FeyssNij;Aljg alloy in the uncharged state. Figure 5a presents
the general view of the specimen fracture surface, which is char-
acterized by brittle, predominantly transcrystalline fracture with a
few intercrystalline sites. Notably, there is a high proportion of frac-
ture planes with varying orientation angles. The detailed examina-
tion of specific areas reveals clearly defined lines delimiting fracture
structure (Figure 5b-d). Terraced structures are also present on the
fracture surface, but only in certain individual areas.

Figure 6 presents a fracture surface of the FessNij;Aljg specimen
after charging for 24 h at 10 mA/cm? current density. After charg-
ing, the FegsNij;Aljg alloy exhibits a predominantly transcrystal-
line fracture along specific fracture surfaces. Compared to the
uncharged state, the fracture surface of the charged sample
presents significantly fewer fracture orientations. The fracture sur-
face is dominated by parallelly arranged terraced structures, where
each terrace reveals smaller terraces upon magnification. A det-
ailed inspection of specific fracture regions reveals the presence
of feather-like structures, gaping grain boundaries, secondary
cracks in some areas, and hairlines on the grain boundary surfaces
(Figure 6b-e), which are considered to be indicators of hydrogen
influence on a material [68, 74, 75]. Despite being less prominently
present, as compared to the more ductile materials [68, 76], these
features confirm the hydrogen effect on the considered material.

3.4 | Generalized Strength-Hydrogen
Concentration Relations

Figure 7 shows the fracture stress o, characterizing the strength of
alloys, for various hydrogen concentrations achieved by applying
different charging modes for the alloys FegsNijgAlys, FegsNi;sAlyg,
and FegsNi;;Alg. The vertical and horizontal dashed lines indicate
the hydrogen concentration and the average fracture stress in ref-
erence specimens, respectively. As shown in the figure, the alloy
FegsNijpAlys obtains a wider hydrogen concentration range after
charging, while the increase in hydrogen concentration leads to
a decrease in fracture force. Also, the strength of the charged sam-
ples of this alloy is the lowest. Alloy FeysNi;;Al; 5 also has a wide
range of hydrogen concentrations depending on the hydrogenation
mode. However, unlike the alloy FessNijpAlys, an increase in

R,,, MPa
Alloy Reference state 10 mA/cm?, 48 h 10 mA/cm?, 72h 20 mA/cm?, 48 h 20 mA/cm?, 72h
FegsNijpAlys 240 £12/7° 180 +14/8 155 £ 8/5 180 +18/10 150 £10/6
FegsNijsAlyg 375 £18/10 270 £27/15 380 +34/20 290 +26/15 345 +28/16
FegsNij,Alg 400 +16/9 435 +£27/15 450 +18/10 295 +£17/10 350 +30/17
*Values are reported as mean + standard deviation (SD)/standard error (SE).
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FIGURES5 | SEM image of the fracture surface of FessNi;,Al;g alloy in the uncharged state after the three-point bending testing: (a) the general view,

(b-d) detailed views of the selected marked areas.

concentration in FegsNij;Aljg and FegsNijsAly, alloys leads to a
slight increase in fracture stress.

The investigated alloys are distinctive, also in terms of hydrogen
influence, as they exhibit linear loading behavior until failure.
Usually, materials tend to have a yield point, neck formation,
and a final plastic deformation section of the sample, which
makes it possible not only to distinguish between the ultimate
and yield strength but also to observe the effect of hydrogen
at different stages of deformation. The effect of hydrogen on such
materials is usually concentrated in the areas of plastic deforma-
tion before and after neck formation. In our case, due to the abso-
lutely brittle behavior of alloys, only the ultimate strength can be
used as a mechanical parameter.

On the fundamental stress-concentration (6-Cy) relations
shown in Figure 7, the plot direction varies for different alloys.
As for the FegsNijpAl,s alloy with the lowest strength
(R,, =240 MPa) and maximum hardness in its initial state, the
general tendency for strength decrease with increasing hydrogen
concentration is observed, which is typical for the manifestation of
hydrogen embrittlement. At the same time, the other alloys dem-
onstrated the opposite trend in o6—Cy relations: an increase in

hydrogen concentration increased strength. They also have a
specific, high-energy-intensive fracture surface, which is overlaid
by a physically determined manifestation of hydrogen embrittle-
ment. It is reasonable to assume that until the strength in the ini-
tial state is reached (R,, =375 and 400 MPa for FegsNi;sAl,, and
FegsNiy,Al g alloys, respectively), the typical hydrogen effect dom-
inates, while further increasing the fracture energy intensity from
the complex fracture surface morphology takes over.

According to the general assumptions, cleavage is considered to be
the least energy-intensive form of fracture. Similar results were
reported for pipeline steel under cathodic hydrogen charging,
but the material exhibited greater ductility compared to the alloys
studied, and the fracture mechanism was identified as transgranu-
lar quasi-cleavage [12]. However, low energy consumption is rec-
orded for common crack growth, approximately in one plane, with
no significant deviation. In our case, fractographic analysis revealed
complex cleavage fracture topography despite crack growth in a
single direction (Figure 6). This is a terraced-cascade and layered
fracture, characterized by numerous areas of cleavage fracture,
each of which is inherently low energy, but the resultant cumula-
tive energy for all complexly oriented areas is high. Occasionally,
secondary cracks perpendicular to the fracture surface were also
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FIGURE 6 | SEM image of the fracture surface of FeqsNij;Aljg alloy charged for 24 h at 10 mA/cm? current density after the three-point bending
testing: (a) the general view, (b-e) detailed views of selected marked areas, with e located outside of the image a.

detected (Figures 6b and 8), which creates the effect of crack
branching with an increase in fracture energy. In this case, two
counteracting processes are involved: facilitation of fracture by
hydrogen embrittlement and hindrance by the complex geometry
of the dominant fracture surface. This explains why an increase in
hydrogen concentration increases strength.

Advanced Engineering Materials, 2026

Thus, the fracture mechanisms were analyzed from both a physical
and a mechanical perspective. From a physical perspective, two
mechanisms of hydrogen influence were considered. The first
involved a reduction in cohesive strength, which was attributed
to the single-phase alloy FegsNijpAlys, with transgranular fracture
occurring via a low-energy cleavage mechanism. The opposite
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FIGURE 7 | Generalized fracture stress - hydrogen concentration

relations for studied alloys. Dashed lines correspond to the concentration
(vertical dashed lines) and stress (horizontal dashed lines) of the
uncharged samples.

FIGURE 8 | SEM image of the fracture surface of hydrogen-charged
FegsNijpAl,s alloy for 96 h at 20 mA/cm? after the three-point bending
testing.

trend was attributed to dislocation strengthening, i.e., the hydro-
gen-induced increase in dislocation density [59]. From a mechani-
cal perspective, the mechanism of strength increase with rising
hydrogen concentration was analyzed in two-phase alloys.
Hydrogen intensifies multiple fractures, also governed by a cleavage
mechanism, which is more significantly pronounced with increas-
ing hydrogen concentration. This acted as a contributing factor to
the increase in multiple fracture energy due to the sum of the ener-
gies associated with elementary low-energy cleavage fractures.

4 | Conclusion

« Through variation in nickel and aluminum content, dis-
tinct microstructures of iron-based alloys were obtained:
a single-phased FegsNijoAlys (in at-%) and two-phased pre-
cipitated strengthened FegsNijsAlyy and FegsNij,Algs.
These microstructural differences were found to have a sig-
nificant influence on the resulting material properties in
the reference state and after hydrogen charging.

« The force-deflection curves obtained from three-point
bending tests of all alloys exhibited linear behavior up to

fracture, indicating a purely brittle response without any
observable yielding or measurable yield strength.

» The samples were electrochemically charged for 24-96 h at
cathode current densities of 10 and 20 mA/cm?®. These
charging conditions ensure the absence of hydrogen blis-
tering. The specimens in their initial uncharged state con-
tained a baseline average hydrogen concentration of
1.1-1.4 ppm. Under the applied charging conditions, the
measured hydrogen concentrations in the investigated
alloys increased up to 7.2 ppm.

Preliminary hydrogen charging did not affect the hardness of
the alloys. However, a distinct influence on the microhard-
ness of the alloys was observed: the harder one-phase alloy
FessNijpAlys exhibited a slight decrease in HV 0.1, whereas
the two-phase alloys FegsNi;sAlyg and FegsNij,Aljg showed a
strong increase. This effect can be explained by hydrogen-
dislocation interaction due to diffusible hydrogen.

The single-phase alloy FegsNijpAlys, the weakest in its
initial state (R,, =240 MPa), experienced a further reduc-
tion in strength under hydrogen exposure, likely due to dif-
fusible hydrogen. The two-phase alloys FessNi;sAly, and
FegsNij,Alg, which exhibited higher initial strength,
showed similar, less pronounced hydrogen effects. The
presence of precipitates in the microstructure promotes a
decohesive hydrogen effect, forming hydrogen traps
through micro-damage and indicating a different mecha-
nism of hydrogen interaction.

The investigated alloys exhibit predominantly transgranular
cleavage fracture, typically considered the least energy-inten-
sive fracture mode. However, multiple cleavages along ter-
raced, cascaded, layered paths are common, resulting in a
high cumulative fracture energy across complexly oriented
regions. Hydrogenation enhances this complex fracture
behavior in two-phase alloys, which is reflected in an
increase in strength with increasing hydrogen concentration.
Therefore, the effect of hydrogen on the strength of these
alloys arises from two opposing factors: the physically driven
manifestation of hydrogen influence and the mechanically
driven increase in fracture energy due to the complex frac-
ture surface topography.
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