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We have investigated the effect of hydrogen-charging on the mechanical properties and fracture mechanisms of high-entropy
alloys Fe, Mn, Cr, Ni, Co,, and Fe, Mn, Cr, Ni, Co,,C, (at.%). Both alloys have a coarse-grained single-phase face-centered
cubic (fcc) structure. It was found that doping with carbon decreases the content of hydrogen absorbed by the specimens
during electrochemical hydrogen-charging (in a 3% NaCl water solution, at j=10 mA/cm? for 50 h): 134 wppm and 63 wppm
for carbon-free and carbon-doped alloy, respectively. Hydrogen-charging contributes to an increase in the yield strength and
a decrease in the ductility of the alloys. Despite the lower concentration of dissolved hydrogen, the hydrogen-associated
solid-solution strengthening of the carbon-doped alloy is higher than that in the interstitial-free alloy. The hydrogen
embrittlement index, I, =17%, for carbon-alloyed specimens is lower than I, =25% for interstitial-free specimens. In both
alloys, the hydrogen-affected surface layers of the specimens fracture in a similar brittle mode — intergranular fracture

dominates.
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1. Introduction

It is generally recognized that hydrogen degrades the
mechanical properties of metals, leading to a decrease
in ductility and bearing capacity, significantly reducing
the operating life of the material. The issue of hydrogen
embrittlement is reflected in industries related to the energy
storage and conversion, such as hydrogen energy, oil and
gas transportation, operation of wind turbines for electricity
generation and nuclear power [1]. Therefore, the search
for materials that are resistant to the deleterious effects of
hydrogen is of great importance.

A new class of materials, high-entropy alloys (HEA), is
currently attracting the attention of many researchers. Due to
their unique physical and mechanical properties, they have
a potential application in extreme service environments [2].
One of the wide-spread and frequently investigated high-
entropy alloy is the five-component equimolar CoCrFeMnNi
Cantor alloy [3,4]. It is a single phase face-centered cubic
(fcc) solid-solution with high thermodynamic stability, very
high tensile elongation and exceptional fracture toughness at
low temperatures [4,5].

Y. Zhao et al. shown [6] that the resistance of the
CoCrFeMnNi alloy to hydrogen embrittlement is higher
than that of stable austenitic stainless steel under gaseous
hydrogen charging. Luo et al. [7] reported that hydrogen
charging can even slightly improve the strength and ductility
of the alloy. At the same time, there are number of works
[8-10] reporting the susceptibility of the HEAs to hydrogen
embrittlement. Yet, the phenomenon of the hydrogen

embrittlement in HEAs, in particular, in the Cantor alloy, has
not been fully explored.

Besides, the limitation of the fcc HEAs as an engineering
material due to the low yield strength [4,5] stimulates the
research of interstitially-alloyed HEAs, in particular, the
carbon-alloyed Cantor alloy. Due to the solid-solution
strengthening and precipitation hardening, the addition of
carbon increases the strength of fcc HEAs without a significant
loss of ductility [11-13]. Up to date, there are insufficient
data on the effect of interstitial atoms on the hydrogen
embrittlement of HEAs, and they are controversial. Luo et
al. [14] claimed that C-doping increases susceptibility of the
CoCrFeMnNi alloy to hydrogen embrittlement. The authors
also noted that carbides, peculiar for major carbon-alloyed
HEAs, act as potential sites for crack initiation in the carbon-
alloyed HEA. Incomplete recrystallization with the presence
of non-recrystallized zones and nanotwins in structure of
Co,, Cr,Fe , Mn Ni, C . (at.%) alloy increases the
resistance to the harmful effects of hydrogen according to
the research by H. Luo [15]. Fu et. al reported that carbon
alloying (0.5 at.%) of a metastable FeMnCoCr high-entropy
alloy contributes to a slight increase in resistance of the alloy
against hydrogen embrittlement [16].

To clarify the interstitial-alloying effect on the hydrogen
embrittlement in HEAs and to avoid precipitation-assisted
impact, we have obtained two alloys possessing the single-
phase structures — interstitial-free and carbon-alloyed
Cantor alloys. Hence, the aim of this work is to reveal the
effect of carbon alloying on the hydrogen embrittlement of a
high-entropy CoCrFeMnNi alloy.
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2. Materials and experimental methods

The materials used in this study were the equiatomic
Fe, Mn, Cr, Ni, Co, (at.%, HEA) Cantor alloy and the interstitial
carbon-alloyed Fe, Mn, Cr, Ni, Co,,C, (at.%, HEA-C) alloy.
The cast HEA was subjected to a thermomechanical treatment
(TMT): an annealing at a temperature of 1200°C for 2 hours,
cold rolling (80% reduction) and final annealing at temperature
of 1200°C for 2 hours followed by water-quenching. The
TMT for HEA-C alloy included annealing at a temperature of
1200°C for 12 hours, hot forging at a temperature of 1230°C,
second annealing at a temperature of 1200°C for 12 hours,
cold rolling to obtain a thickness reduction to 80% and final
annealing at a temperature of 1200°C for 1 hour following by
water-quenching.

The dumbbell-shaped tensile specimens of 12.0x2.6x
x1.4 mm’ in gauge section were cut from the TMT-processed
materials. After mechanical grinding, the specimens were
electrolytically polished in supersaturated solution of
chromium anhydride CrO, in phosphoric acid H,PO,. The
specimens were tensile tested at room temperature and a
strain rate of 5x10™* s7' using electromechanical machine
LFM-125 (Walter+Bai AG, Switzerland).

The X-ray diffraction (XRD) analysis was done using
DRON 7 diffractometer with Co-K  radiation. Lattice
parameters were obtained by extrapolating the dependence
of a,,, determined for each X-ray line with indices (hkl), on
the function (cos 6 cot0).

Electrochemical hydrogen-charging was conducted with
a current density of 10 mA/cm? for 50 h in a 3% NaCl water
solution containing 3 g/l of NH,SCN as a recombination
poison. Thermal desorption spectroscopy (TDS) was
carried out in the temperature interval of 25-800°C with
the heating rate of 6°C/min using a vacuum chamber with
a simultaneous thermal desorption spectra collection by an
RGA100 quadrupole mass spectrometer (Stanford Research
Systems, USA). The hydrogen concentrations absorbed
by the alloys were measured using a LECO ONH 836
analyzer.

The microstructure and fracture surfaces were
characterized using a QUANTA 200 3D scanning electron
microscope (SEM) equipped with an energy-dispersive
analysis system and electron backscattered diffraction
(EBSD) supply.

3. Results and Discussion

XRD patterns and EBSD grain maps of HEA and HEA-C
specimens are presented in Fig. 1. Regardless of the alloy
composition, the XRD-patterns contain diffraction peaks
with interplanar distances corresponded to the austenitic
phase. Carbon alloying leads to a shift of the diffraction peaks
towards smaller angles. The analysis of the EBSD images and
the XRD data indicates that both alloys have a single-phase
coarse-grain fcc structure. Only single carbides (M,,C,,
M.C,) could appear in HEA-C specimens after TMT [17],
and the low fraction of such carbides allows us to neglect
their impact. The lattice parameter of the interstitial-free
alloy is a=3.598 +£0.006 A, and it is much higher in HEA-C,
a=3.61120.002 A. An increase in the a-value indicates
a solid-solution strengthening of the austenitic phase by
carbon atoms (1 at.%). The average grain size of the Cantor
alloy, d=215+77 um, is larger than d=128+59 um of the
carbon-doped alloy.

Fig. 2 shows the bar plots comparing the mechanical
properties (yield strength o, ,, ultimate tensile stress (o)
and elongation-to-failure) of hydrogen-free and hydrogen-
charged specimens. Doping with carbon leads to a significant
increase in the strength properties of the initial specimens
(without hydrogen-charging). This is caused by solid-solution
strengthening and grain refinement, as it was previously
reported for multicomponent alloys with interstitial atoms in
[3,11,13]. Carbon-alloying in accompanied with the decrease
in elongation-to-failure of Cantor alloy. As we previously
reported in [17], stress-strain diagrams for HEA-C specimens
are more parabolic than those for the interstitial-free Cantor
alloy, and strain hardening of the interstitial alloy is higher
due to carbon-assisted increase in lattice friction stresses.

Hydrogen-charging contributes to the change in the
mechanical properties of both alloys. The yield strength of
the alloys increases after hydrogen-charging (Fig. 2). Such
solid-solution strengthening by hydrogen was previously
observed in other interstitial high-entropy alloys [10,14].
More pronounced change in the yield strength caused by
hydrogen (Ao J=22 MPa for HEA-C, Ac ;=10 MPa for
HEA) is observed in carbon-dopped alloy (Fig. 2), which
indicates higher solubility of hydrogen in the austenitic
phase the of HEA-C specimens despite the smaller grain
size and higher fraction of the grain boundaries. After
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Fig. 1. (Color online) XRD patterns (a) and EBSD grain maps (b, ¢) of HEA (b) and HEA-C (c) specimens.

283



Panchenko et al. / Letters on Materials 12 (4), 2022 pp. 282-286

400 384116 12004 1139425 707 6242
084238
350 1000/ ]
s 300 £ g00] 823215 50 4746 472
S 250+ = 689+37 £ 401 3942
2900 193411 +H | 2600 +H | g
2001 183£13 6 530/
150 400+ H 2 50 +H G
1007 2 200
50+ % 104
/ / 0 - 0- / 7
HEA HEA-C HEA HEA-C HEA HEA-C
a b c

Fig. 2. (Color online) Bar plots of the yield strength (o, ,) (a), ultimate tensile stress (o

urs) (b) and elongation-to-failure (c) of hydrogen-free

and hydrogen-charged HEA and HEA-C specimens. Data for hydrogen-charged specimens marked by “+H”.

hydrogen-charging, both the tensile strength and elongation
of the alloys decrease. The hydrogen embrittlement index,
which is defined as I,,=[(§,~8,)/,]x100% (5, and 5, —
total elongation-to-failure of hydrogen-free and hydrogen-
charged specimens, respectively), is I, =25% for the HEA
and I,=17% for HEA-C. Therefore, carbon-alloying assists
higher hydrogen-related increase of the yield strength and, at
the same time, partially suppresses hydrogen-assisted loss of
elongation-to-failure.

Fig. 3 shows the hydrogen desorption profiles obtained by
the TDS of the HEA and HEA-C specimens. For both alloys,
the TDS curve contains a single low-temperature peak with
T_ . =215-230°C, which corresponds to diffusible hydrogen
trapped in the crystal lattice and reversible hydrogen traps
such as grain boundaries, vacancies, dislocations, etc.
[9,16,18,19]. A comparison of the two TDS profiles testifies
that the height of the peak for the HEA-C is twice lower than
that for the interstitial-free alloy. This indicates that, in spite
of a lower grain size and higher crystal lattice expansion, the
content of the dissolved diffusible hydrogen in the HEA-C
is much lower than that in HEA. This is consistent with the
data obtained by the elemental analysis: 134 and 63 wppm
of hydrogen were absorbed by HEA and HEA-C specimens,
respectively. Notably, the height of TDS peak usually
increases with decreasing grain size in conventional Fe-based
alloys [20,21] or unaffected by grain size in Cantor alloy [9].
Therefore, in carbon-free high-entropy alloys, the interstitial
sites trap more hydrogen instead of grain boundaries [9]. This
correlates with the results on the hydrogen-aftected growth
of the yield strength, i.e., hydrogen is largely dissolved in

a.u.

T, . =215°C

max l

HEA

Intensity of hydrogen desorption,

100 150 200 250 300 350 400 450
Temperature, °C
Fig. 3. (Color online) TDS spectra of hydrogen-charged HEA and
HEA-C specimens.

the bulk of austenite grains (in interstitial sites). Hence, the
presence of carbon in the solid solution reduces the hydrogen
absorption capacity of the alloy rather than grain refinement.
For conventional AISI 304 austenitic stainless steel, Dayal
et al. [22] reported that increasing the carbon content from
0.045 to 0.085 wt.% reduces hydrogen diffusivity by a factor
of 8. Hence, carbon-alloying of HEA causes a decrease in
the hydrogen diffusivity in the alloy, reducing hydrogen
accumulation during charging. But despite the lower
concentration of hydrogen in the carbon-doped alloy, the
Aol is greater compared to the interstitial-free Cantor alloy.
This can be attributed to the nonuniform distribution of
hydrogen atoms in the crystal lattice of HEA-C specimens.
Since carbon atoms are prone to clustering and possess
strong chemical affinity to chromium and manganese
atoms, it causes a noticeable chemical microinhomogeneity
in the solid-solution of the HEA-C alloy [23]. Due to this
microinhomogeneity, hydrogen can be trapped in regions
with a locally smaller lattice parameter (locally depleted by
carbon, chromium and manganese). Therefore, at a lower
hydrogen concentration in the solid-solution of HEA-C,
hydrogen can cause higher lattice distortions compared to
the homogeneous solid-solution of the Cantor alloy.

As shown in Fig.4a and d, the side surfaces of the
fractured hydrogen-charged specimens undergo intensive
cracking. Intergranular cracking dominates, but there is also
asmall fraction of transgranular cracks on the side surfaces of
the HEA ana HEA-C specimens. It is interesting to note that
the contribution of transgranular cracks is slightly reduced in
the carbon-doped alloy in comparison with the interstitial-
free one. In previous studies [10] we have reported that
the number of hydrogen-assisted transgranular cracks
significantly increases in nitrogen-alloyed HEA compared
to nitrogen-free HEA. Such opposite effects of carbon and
nitrogen on the cracking behavior in hydrogen-charged
interstitial high-entropy alloys can be associated with their
different influence on the stacking fault energy (SFE) and the
dislocation arrangement of the alloys. Nitrogen contributes
the formation of short-range order of atoms in solid-solution
(promotes planar dislocation arrangement), while carbon
leads to clustering with chromium and manganese atoms
(assists wavy glide of the dislocations) [10,23 - 25]. Similar to
nitrogen, hydrogen has been reported to reduce the SFE and to
enhance the planar dislocation arrangement in conventional
Fe-based alloys [26,27], which is usually associated with the
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Fig. 4. SEM images of the side (a, b, d, e) and fracture (c, f) surfaces in hydrogen-charged HEA (a-c) and HEA-C (d -f) specimens after

failure; TC — transgranular cracks, IC — intergranular cracks.

hydrogen enhanced localized plasticity (HELP) mechanism
[28,29]. The complementary effects of nitrogen-alloying and
hydrogen-charging lead to the formation of quasi-cleavages
and, consequently, transgranular cracks in austenitic grains.
On the contrary, carbon-alloying increases the alloy’s SFE
[30,31], thereby counteracting the effect of hydrogen and
promoting a random distribution of dislocations (or wavy
glide). Assuming the similar effects of carbon-alloying in
multicomponent alloys and Fe-based alloys, this decreases
the tendency to transgranular cracking in a hydrogen-
charged HEA-C alloy.

On the fracture surface, a brittle hydrogen-assisted
surface layer and a ductile central part (dimple fracture)
are observed in specimens of both alloys (Fig. 4c and f).
The average thickness of the hydrogen-affected brittle
layer is insufficiently lower in HEA-C (W, =62+35 um) as
compared to HEA (W,=70+21 pm). The brittle layers are
inhomogeneous in depth, and their average thicknesses differ
within the experimental error. However, this experimental
fact does not characterize the depth of the hydrogen-saturated
layer in the HEA and HEA-C specimens immediately after
the charging since stress-induced diffusion of the hydrogen
atoms and hydrogen transport by mobile dislocations occur
during the following tensile deformation [10]. Therefore,
further studies are needed to evaluate all contributions to the
hydrogen-assisted layer thickness.

The fracture micromechanisms in the brittle layers are
similar in both alloys, intergranular fracture dominates despite

the predominant hydrogen trapping by the interstitial
sites of the crystal lattice rather than grain boundaries
during hydrogen-charging. Hydrogen-induced intergranular
fracture of high-entropy alloys has been reported in a number
of studies [8-10]. Grain-boundary cracking can be related
to the accumulation of hydrogen near the grain boundaries
during deformation due to the stress field and the hydrogen
transport by dislocation to the boundaries. In turn, this
reduces both the ability of neighboring grains to deform
cooperatively and grain boundary cohesive energy [8].

To summarize, our experimental data show that carbon-
alloying decreases the absorbed hydrogen content in HEA,
and carbon-alloyed HEA is more resistant to hydrogen
embrittlement compared to the HEA in tensile tests at room
temperature. Indeed, the above mentioned experimental facts
support the idea about the primary role of the structure of
the solid-solution in hydrogen absorption, accumulation and
embrittlement in the austenitic multicomponent systems. But
this can be caused not only by the influence of carbon on the
austenitic phase, but also by a decrease in the grain size. Some
researchers have found that grain refinement contributes an
increase in hydrogen embrittlement resistance [9,21,22]. The
hydrogen-assisted crack growth resistance has been reported
to be improved by grain refinement because of the reduction
in stress concentration at grain boundaries in fine-grained
specimens [9,21]. Grain refinement could also favorably
affect the hydrogen embrittlement of HEA-C specimens,
which opens the perspective for further research.
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4. Conclusions

The effect of carbon-alloying (1 at.%) on the hydrogen
embrittlement susceptibility of a Fe, Mn, Cr, Ni, Co, (at.%)
high-entropy Cantor alloy has been studied. The carbon-
alloyed alloy has higher resistance to hydrogen embrittlement
compared to the interstitial-free Cantor alloy. This is due to the
smaller grain size in the HEA-C, as well as a decrease in the
hydrogen absorption capacity of the alloy caused by carbon
alloying. It has been experimentally established that the solid-
solution strengthening of the carbon-doped alloy by hydrogen
atoms is higher than that in the HEA specimens, despite the
lower hydrogen content in the HEA-C specimens. Although
the hydrogen-induced increase in the yield strength indicates
significant hydrogen trapping in the crystal lattice, the
failure mode of the surface hydrogen-affected layer is mainly
intergranular in both alloys. This confirms that hydrogen is
redistributed during deformation and accumulates near grain
boundaries, which contributes to intergranular fracture due to
the combined effect of the applied stress and the influence of
hydrogen on dislocations (plasticity) and the grain boundary
cohesive energy.
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