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Abstract: In this study, we examined the effect of charging current density on the hydrogen embrit-
tlement (HE) of MEA and the associated HE mechanisms using electron backscattered diffraction
(EBSD). Results show that MEA is susceptible to HE, but is stronger than as-rolled and 3D-printed
Cantor alloy and stainless steel. The HE susceptibility of MEA decreases with increasing current
density. Ductile fracture with transgranular dimples switches to intergranular brittle fracture with
clear slip bands in the interior of grains. EBSD results uncovered that hydrogen facilitates localized
slips and deformation twins. Hydrogen-enhanced localized plasticity and hydrogen decohesion are
the possible HE mechanisms.

Keywords: CrCoNi medium entropy alloy; hydrogen embrittlement; in situ hydrogen charging;
deformation twins; EBSD

1. Introduction

High-entropy alloys (HEAs), which consist of five or more multiprincipal elements
with equi- or nonequiatomic concentrations of each element, have received extensive
attention since 2004 [1-9]. Among the HEAs, the CoCrFeMnNi HEA (also called Cantor
alloy) a presents face-centered cubic (FCC) microstructure [10], and shows excellent room
temperature fracture resistance and a sound combination of strength and ductility [11].
These mechanical properties are even better at cryogenic temperatures due to the twining-
induced plasticity [12]. These excellent mechanical properties suggest that the Cantor alloy
is a promising alloy for use in harsh environments.

In real industrial applications such as power plants and marine structures, Cantor
alloy structures may be subjected to HE, which can cause catastrophic failure via brittle
fracture. To improve the HE resistance of the Cantor alloy, several studies have been
performed via pre- or in situ hydrogen charging tests. Luo et al. [13] investigated the
HE of Cantor alloys under in situ charging hydrogen conditions with a strain rate of
10~* s~!. Surprisingly, they found that hydrogen simultaneously increased both the
strength and ductility; they argued that the hydrogen reduced the stacking fault energy and
promoted the deformation nanotwins which enhanced the alloy’s work-hardening ability.
In another paper by Luo et al. [14], the strength and ductility at a cryogenic temperature
were not influenced by the presence of hydrogen. The beneficial effect of hydrogen in
the research of Luo et al. may be due to the small concentration of hydrogen (~8 mass
ppm) and relatively higher strain rate (10~* s~!). HE may not occur in such experimental
conditions. Zhao et al. [15] increased the hydrogen content to 77 mass ppm via gaseous and
electrochemical methods, and found that the Cantor alloy’s ductility was slightly reduced
by 5%, but its fracture mode was ductile. Ichii et al. [16] further increased the hydrogen to
113 mass ppm via gaseous method, and deformed the pre-charged specimens under the

Entropy 2023, 25, 673. https:/ /doi.org/10.3390/¢25040673

https://www.mdpi.com/journal/entropy


https://doi.org/10.3390/e25040673
https://doi.org/10.3390/e25040673
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/entropy
https://www.mdpi.com
https://doi.org/10.3390/e25040673
https://www.mdpi.com/journal/entropy
https://www.mdpi.com/article/10.3390/e25040673?type=check_update&version=1

Entropy 2023, 25, 673

2 of 14

strain rate of 1072 s~! and 10~* s~!. They reported that the Cantor alloy presented HE
with intergranular cracks. The HE was more obvious when the concentration of hydrogen
reached 147 mass ppm and the strain rate was 10~° s~!, as reported by Nygren et al. [17].
Furthermore, several recent papers also reported that the HE of the Cantor alloy happened
under certain experimental conditions [18-21]. Up until now, it can be concluded that the
Cantor alloy is not completely resistant to HE if the concentration of hydrogen is high
enough or the strain rate is relatively low.

Moreover, microstructures can also affect the HE of HEAs. The interstitial elements
such as C and N benefit the mechanical properties of HEAs [22,23], but are detrimental
to their HE resistance [24,25]. Because these interstitial elements can change the stacking
fault energy, hydrogen diffusivity, and formation of particles (e.g., nano-carbides), these
microstructural changes lead to the deterioration of HE resistance. Other microstructural
changes in grain size, dislocation density, and phases can also change HE resistance of
HEAs, as reported in Refs. [18,26,27].

To date, most studies focus on the HE of Cantor alloys. However, CrCoNi MEA, one of
the Cantor alloy derivatives, exhibits the best combination of strength and ductility [28-30],
fracture and impact toughness [31,32], and sound welded joints [1], which are attributed
to a lower stacking fault energy (inducing deformation twining [30]) and short-range-
ordered structures [33,34]. These properties indicate that CrCoNi MEA has great potential
in industrial applications. Nevertheless, investigation regarding its HE resistance is limited
compared to that of the Cantor alloy and its derivatives. Soundararajan et al. [35] reported
that 1 GPa-strong CoCrNi MEA had a higher HE resistance than the conventional alloys;
its strength was enhanced with the presence of hydrogen, but its ductility was slightly
reduced. The study by Soundararajan et al. was conducted under hydrogen pre-charging
conditions and a strain rate of 1074 s~1. As the above literature reviews, the HE is affected
by experimental conditions and microstructures. However, the effect of in situ hydrogen
charging and microstructure on the HE of CoCrNi MEA is still unknown.

In this paper, we investigated the HE behavior of CrCoNi MEA via slow strain rate
(1x1072s71 testing under in situ hydrogen charging conditions. Different charging
current densities were utilized to induce different contents of hydrogen into the MEA. The
evolution of microstructures, fracture mode, and HE cracks were characterized by scanning
electron microscope (SEM) and EBSD. The HE mechanisms are discussed as well.

2. Experimental Methods

The equiatomic CrCoNi MEAs were fabricated from pure Ni, Co, and Cr powders
in a vacuum atmosphere. The NiCoCr ingot was remelted three more times to ensure
chemical homogenization. The chemical composition of the MEA was examined by energy
dispersive X-ray spectroscopy (EDS), and is shown in Table 1. X-ray diffraction was
used to uncover the phases of the MEA; the parameters for the testing were: Cu target,
40 kV /80 mA, scanning speed 10 °/min, 20 = 20° — 120°.

Table 1. Chemical elements of CrCoNi MEA measured by EDS.

Elements wt. % at. %
Ni 31.87 30.60
Co 34.84 34.84
Cr 33.29 36.08

The ingot was cast into a mold with dimensions of 100 mm x 100 mm X 3 mm
(thickness). We cut several samples using electrical discharging machining (EDM) for
subsequent microstructural observations. The samples were then grinded and polished
with the same recipe as in Refs. [8,36-38]. Briefly, these samples were grinded using
sandpaper with grades of #400, 600#, 800#, and #1500, then polished using diamond paste
(6 ym and 1 pm), and finally polished using colloidal silica.
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An etching solution (3.75 g CuSOy, 1.8 mL HySO4, and 25 mL HCI) was applied onto
one sample to reveal the microstructure, which can be observed in an optical microscope.
Another sample was used for EBSD testing in a FEI SEM.

Dog-bone-shaped samples, whose dimensions are shown in Figure 1a, were fricated
via EDM. Before the slow strain rate testing (SSRT), the samples were carefully grinded us-
ing fine SiC sandpaper. SSRT was conducted at a typical slow strain rate of 1 x 107> s~ [39].
During the SSRT, in situ electrochemical hydrogen charging was used to introduce hydro-
gen into the MEA, as shown in Figure 1b. The solution for in situ charging is 0.5 mol/L
H)S04 + 2 g/L CH4N,S. The MEA and platinum worked as cathode and anode, respec-
tively. Different charging current densities were utilized to investigate its influence on the
HE of the MEA.

@ ” ) ¢
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o MEA as cathode

Pt as anode
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m |1
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1839 | |=il 2
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o 60 - ;ixied‘ 0.5 mol/L H,SO,+2 g/ CH‘stower

Figure 1. (a) The dimensions of the sample for SSRT, (b) schematic for in situ hydrogen charging
during SSRT testing.

After SSRT, the cross-sectional morphology of the fractured sample was observed in
SEM to verify the fracture type. EBSD was used to observe the deformed microstructure
close to the fracture points and cracks. The EBSD results were analyzed using Channel
5 software to obtain the inverse pole figure (IPF) map, grain boundary (GB) and twin
boundary (TB) map, and kernel average misorientation (KAM) map. EDS was used to
detect the elements of particles in alloy.

3. Results
3.1. Microstructure of the CrCoNi MEA

An overview of the initial microstructure of the CrCoNi MEA in its cast status is
shown in Figure 2a. Its grains with embedded dendrites were at millimeter scales, and the
EDS maps (Figure 2b) indicated that the Ni, Co, and Cr elements were evenly distributed.
To uncover more information on the microstructure, EBSD testing was conducted. The
IPF (Figure 2c) illustrated coarse grains, a finding that is the same as the optical observa-
tion (Figure 2a), and no twins were found in the initial microstructure. The phase map
(Figure 2d) and XRD result (Figure 2e) verified the CrCoNi MEA having a single-phase
face-centered cubic (FCC) microstructure.
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Figure 2. Microstructure of MEA (taken from ref. [1]), (a) optical image showing dendrites and grains,
(b) EDS mapping showing Ni, Co, and Cr distributions, (c) IPF map, (d) phase map, (e) XRD results.

3.2. Tensile Properties

Figure 3a shows the representative engineering stress—strain curves of the MEA
with and without hydrogen. The MEA exhibited a great combination of tensile strength
(650 MPa) and ductility (140% elongation) in air. Both the tensile strength and ductility
were severely degraded even when the charging current density was only 0.069 mA /cm?;
the ductility was especially deteriorated by around 57% at this small current density. This
finding suggests that CrCoNi MEA cannot beat HE under in situ charging circumstances.
When the charging current density was further increased, the strength and ductility were
further reduced as well, as demonstrated in Figure 3b,c. However, the tendency, strength,
and ductility decreasing with increasing current density slowed when the current den-
sity was higher than 166.67 mA/cm?. This may be caused by the content of hydrogen
via diffusion into the MEA. At a lower current density, hydrogen can diffuse into MEAs
continuously, which worsens the mechanical properties, as seen in Figure 3. However, the
diffusion process becomes slow after a critical current density since the content of hydro-
gen in the MEA reaches its limit; consequently, the effect of hydrogen on the mechanical
properties becomes moderate.
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Figure 3. Results of SSRT, (a) engineering stress—strain curves obtained from SSRT under different

charging current densities, (b) plot of UTS charging current density, (c) plot of ductility charging
current density.

3.3. Fractography

Figure 4a is an overview of the fractured surface of the sample without in situ charging;
serious local area reduction can be observed from the SEM image. An enlarged view of the
inner area of the fractured surface is provided in Figure 4b, in which ductile transgranular
microvoids can be seen. Cuboidal particles (indicated by white arrows in Figure 4b) are
evident in the voids. EDS maps (Figure 4c—f) confirm that these particles are likely to
be CrO3. These particles have been reported in other studies [1,31], but their effect on
mechanical properties remains unclear. However, as will be observed in the EBSD results,
these particles play an important role in HE.

A typical morphology of a fractured sample with in situ charging is displayed in
Figure 5a, which shows two distinct areas, i.e., brittle and ductile areas. Figure 5b, a
zoomed image into the brittle area (square-marked in Figure 5a), shows a relative flat
and brittle cleavage appearance. It seems that the material was peeled off along the grain
boundaries during the testing. A high-resolution SEM image (Figure 5c) shows clear
dislocation slip traces. The hydrogen atom can accelerate the dislocation velocity and
promote dislocation slips in local areas, leading to cleavage fracture. Thus, the unique
fracture morphology can be explained by hydrogen-enhanced localized plasticity (HELP)
mechanisms. These dislocation slip traces are also found in another region (Figure 5d). The
ductile region was full of microviods with Cr,O3 particles, evident in Figure 5e. The side of
the fractured sample was mixed with slip traces and cleavage fracture, as seen in Figure 5f.
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Figure 4. Fractography of MEA deformed in air, (a) overview of fractured surface, (b) enlarged view
of the center of (a), (c—f) are the EDS mapping of the particle (white arrow indicated in (b)).
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Slip traces

Figure 5. Fractography of MEA deformed with hydrogen, (a) overview of the fractured surface
with clear brittle and ductile regions, (b) intergranular fracture in the brittle regions showing Cr,O3
particles (blue arrows indicated) and fracture along GB, (c) slip traces in one brittle region, (d) slip
traces in another brittle region, (e) dimples and Cr,O3 (blue arrow indicated), (f) side surface showing
extensive slips and brittle fracture.
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3.4. Deformed Microstructures

EBSD testing was used to analyze the deformed microstructure of the sample without
charging, and results are shown in Figure 6. High-density deformation twins were found
close to the fracture points, and these twins were parallel to each other, indicating that only
primary twins occurred during deformation. The averaged value of KAM is 0.55° from the
KAM results (Figure 6¢). It is reported that the FCC-to-HCP transition in the microstructure
may happen in the CrCoNi MEA if the local strain is higher than 50% [40]. In our case, the
strain close to the fracture point was up to 130% (see the engineering stress—strain curves in
Figure 3a), but no HCP phase was observed from the EBSD results. This may be caused
by the resolution limit of EBSD testing, and the examination points that do not have this
HCP microstructure.

l" ?;. : z
o wl add

Figure 6. Deformed microstructure close to the fractured surface without hydrogen. (a) IPF map,
(b) GB and TB map showing large amount of deformation twins, (¢) KAM map, (d) enlarged view of
the twin area (square-indicated) showing only primary twins.

Figure 7a is the deformed microstructure of the sample with an in situ charging current
of 166.67 mA /cm?, which fractured at ~20% strain (see Figure 3a). The IPF map (Figure 7a)
shows that the color in each grain is not uniform, a phenomenon due to the deformation-
induced misorientation. Microviods (indicated by dark arrows in Figure 7a) are present
on the grain boundaries. Deformation twins were observed, but not in high density, as
demonstrated in Figure 7b. Despite the fact that the deformation twins were distributed
around the grain boundaries, some deformation twins were seen in the center of the grains
(Figure 7b). This finding is different from the case of the sample without hydrogen charging,
in which the deformation twins were found around the grain boundaries (see Figure 6b).
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A possible explanation for this difference is that the hydrogen can reduce the stacking fault
energy of the MEA and facilitate the deformation twins. For this reason, deformation twins
can occur more easily, and thus primary and secondary twins are observed in Figure 7c.
The averaged value of KAM in Figure 7d is 0.95, which is almost two times higher than that
in the sample without hydrogen charging. Normally, KAM is an index of geometrically
necessary dislocation density (GND) [38]. Considering that the sample without hydrogen
underwent 140% strain while the sample with hydrogen underwent 20% strain, our findings
indicate that the presence of hydrogen promoted the activity of dislocations and localized
planar slips.

Figure 7. Deformed microstructure close to the fractured surface due to hydrogen. (a) IPF map,
(b) GB and TB map showing deformation twins, (c) enlarged view of the twin area (square-indicated)
showing primary and secondary twins, (d) KAM map.

To investigate the hydrogen-induced cracks, a sample under 0.556 mA /cm? hydrogen
charging was investigated. Figure 8a shows four cracks whose propagation direction is
almost perpendicular to the loading direction (white-arrow-indicated). As demonstrated in
IPF (Figure 8b), our material exhibited transgranular cracks. In previous reports [35], FCC
HEAs presented intergranular cracking in the presence of hydrogen. This different finding
may be due to the microstructures. In our case, the grain size was large, meaning that the
spreading path of the cracks was possibly not close to the grain boundaries. Consequently,
the crack may propagate in a transgranular manner. However, intergranular cracking
happened as well, as seen in Figure 5. The KAM had a higher value around the cracks, as
evident in Figure 8c, and the average value of KAM was only 0.45, suggesting that there
was limited plastic deformation around the cracks. The front of one crack (indicated by
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a square in Figure 8a) is illustrated in Figure 8d—{f. It seems that the spreading path of
the crack was influenced by the Cr,O3 particle, as demonstrated in Figure 8d. The KAM
(Figure 8e) in this area was greater around the cracks, and had a value of 0.35, implying
that this area was not greatly deformed. However, the TB map (Figure 8f) shows that there
were TBs near the cracks, indicating that hydrogen facilitated the deformation twins in the
CrCoNi MEA.

Figure 8. Deformed microstructure close to the HE cracks. (a) SEM image of a region containing
cracks (blue arrows indicated), (b) IPF map, (c) KAM, (d) enlarged view of the square-indicated area
in a, (e) KAM of d, (f) TB distribution near cracks.

4. Discussion
4.1. HE Susceptibility of MEA

To evaluate the HE susceptibility of the CrCoNi MEA, we introduce the strength loss
and ductility loss subjected to hydrogen attack. The strength loss (07,s5) can be obtained
by [18]:

Oloss = 22— TH . 100% (1)
Oair
where 0, and oy are the tensile strength in air and hydrogen, respectively. The ductility
loss (91,55) is expressed as [18]:

ioss = 2 —OH S 100% ®)
Oair

where 6,;, and Jp are the uniform ductility in air and hydrogen, respectively. Using
our results (Figure 3a) in Equations (1) and (2), we obtained the HE susceptibility under
different charging current densities (Figure 9). Both the strength and ductility loss increase
with the increasing current density. However, the ductility loss (up to 80%) is greater than
the strength loss (up to 45%). This finding also indicates that ductility is more sensitive to
hydrogen attack.
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Figure 9. HE susceptibility in terms of strength and ductility loss of MEA under different charging
current densities, (a) strength loss, (b) ductility loss. For comparison, strength and ductility loss of
other alloys [18,26,41,42] under same testing conditions are also included in these two figures.

To compare the vulnerability of the HE in the MEA with other alloys, we also include
alloys such as the Cantor alloy, stainless steel 301L (SS301L), and Fe-Mn-C twining-induced
plasticity steel in Figure 9. It is noted that all these tests were performed at almost the same
conditions regarding in situ charging and stain rate (107> s~!). As shown in Figure 9a, at
the same charging current density, the strength loss is lower than that of SS301L [41], but
greater than that of the Cantor alloy [18,26] and the Fe-Mn-C steel [42]. In terms of ductility
loss (Figure 9b), the HE susceptibility of the MEA is lower than that of the as-rolled and
3D-printed Cantor alloy and SS301L, suggesting that the MEA has better HE resistance.
It seems that twins can increase the HE resistance, as revealed by the strength loss and
ductility of Fe-Mn-C in Figure 9. Therefore, inducing TBs into MEAs may be an effective
method to improve MEAs’ resistance to HE.

4.2. Hydrogen-Assisted Deformation Mechanisms

As shown in Figures 3 and 9, the ductility in terms of elongation is seriously degraded
from 140% (without hydrogen) to 30% (with hydrogen), and the UTS is also reduced from
650 MPa to 400 MPa under the presence of hydrogen. These results confirm that the CrCoNi
MEA is prone to HE under in situ charging and low strain rate (107> s~!) testing conditions.
Resting on the experimental results, we draw a schematic of the deformation mechanisms
with and without hydrogen. As shown in Figure 10a, the dislocation slips and deformation
twins are the main deformation mechanisms of the sample without hydrogen. The TBs are
parallel to each other, implying that only primary TBs occurred. Under in situ hydrogen
charging, as shown in Figure 10b, hydrogen enters the MEA via diffusion process. As
tensile strains accumulate, the GND in the MEA increases and provides the media for the
hydrogen transportation and traps for hydrogen. Since hydrogen can increase the mobility
of dislocations, localized slips occur (Figure 10b) when the hydrogen concentration and
strains achieve the threshold value, which can be explained by the HELP theory. With the
increase in hydrogens and loadings, cracks initiate from the trapping points and propagate
towards inner of grains, leading to transgranular cracks, as shown in Figure 10b.

The slips localize around the GBs (see KAM in Figure 7) since the GBs act as the barrier
of the dislocation motions, meaning that the GBs are distorted due to the dislocation-GB
interactions. The motion of dislocation can carry more hydrogen atoms into the GBs
(Figure 10b). The accumulation of H in the GBs promotes the formation of microvoids (see
Figures 7a and 10b), and leads to intergranular cracks as the tensile strain increases.
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Figure 10. Schematics of deformation mechanisms (a) without hydrogen, (b) with hydrogen.

Besides the HE-induced cracks, deformation twins are also affected by H. As shown
in Figure 8f, deformation twins can be seen near the cracks despite no occurrence of large
plastic deformation. It has been reported that hydrogen reduces the stacking fault energy,
which benefits the formation of twins [24]. Therefore, based on the above discussion, we
can conclude that the dissolved hydrogen has two effects on the deformation behavior
of MEA: the detrimental one is that hydrogen makes the motion of dislocations faster
and results in localized slips according to HELP, and leads to intergranular cracks via the
microvoid formation on the GBs; the beneficial one is that deformation twins, which could
enhance the mechanical properties of MEA, can be more easily formed as the stacking fault
energy is reduced. Since our MEA exhibits HE, it is likely that the detrimental effect of
hydrogen is greater than the beneficial one.

4.3. Possible Factors Influencing HE of MEA

The results from pre-charged hydrogen indicate that the FCC HEA/MEA has a strong
HE resistance, and can even become stronger with the presence of hydrogen atoms; results
from our in situ charging experiments imply that FCC HEA /MEA is prone to HE. Notably,
our results (Figures 3 and 9) show that the CrCoNi MEA, despite the mm-scale grain size,
experiences serious hydrogen embrittlement. These contrary findings can be explained by
the following reasons:

1.  Experimental set-ups (pre-charged or in situ charged hydrogen):

HE resistance can be strongly affected by two factors, namely, the concentration of
diffusive hydrogen and the depth of the hydrogen-affected zone. For the pre-charged
conditions, since the diffusion coefficient of hydrogen in HEA /MEAs is constant, the amount
of hydrogen entering the materials rests on the charging time. HE can be observed in
HEAM/MEAs only if the concentration of hydrogen reaches a threshold value [16,20]. In
fact, the reduction in tensile strength and ductility is more obvious under in situ charging
conditions than pre-charged conditions, as indicated by Ref. [43]. Even if there is large amount
of hydrogen in the alloys, the affected zone may be only a few tens of micrometers [19],
thus, the HE is not obvious. In our case, the in situ charging experiments produced a large
hydrogen-affected zone via dislocation motions and a higher concentration of hydrogen,
which, consequently, leads to significant HE.

2. Strain rate:
Strain rate plays a key role in HE as well as the experimental set-ups. Normally, a
low strain rate allows more hydrogen to dissolve into specific microstructures (e.g., grain

boundaries or dislocation traps), and provides more time for dislocation-hydrogen interac-
tion to enhance HELP. Furthermore, the strain rate promotes the HE cracking behaviors in
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terms of initiation and propagation. Therefore, HE becomes more obvious at a slower strain
rate, a trend that has been confirmed in the literature. For example, Hao et al. [44] studied
the effect of strain rate on the HE of a high-Mn steel and found that the HE susceptibility in-
creased with a decrease in the strain rate. Tugluca et al. [45] claimed that lowering the strain
rate led to the degradation of mechanical properties (work-hardening rate, elongation, and
tensile strength) with the presence of hydrogen. Ichii et al. [16] investigated the effect of
strain rate (10~#~10~2 s~1) on the mechanical behavior of pre-charged FeMnNiCoCr alloys
and found that HE resistance decreased with lower strain rate. In the present case, the
strain rate (1 x 107° s~!) was lower than in most studies (>10~* s~!), leading to more
hydrogen diffusion into the alloys, more time for the dislocation-hydrogen interactions,
and much higher localized slips both in the interior of the grains and close to the GBs. Thus,
HE is more obvious in our case.

3.  Microstructures:

Microstructures such as the interstitial elements C and N can alter the HE susceptibility
of HEA/MEAs. Luo et al. [24] found that the tensile ductility of the Cantor alloy with
0.5 at.% C was significantly reduced when subjected to hydrogen charging, because the
nanocarbides were preferable sites for crack initiation. Astafurova et al. [25] also compared
the HE behavior in FeMnNiCoCr and FeMnNiCoCrN, and found that N-alloyed HEA had
a higher sensitivity to HE. They claimed that the N increased the diffusion activity via
increasing the lattice parameters and distortion in the HEA. In our case, the microstructure
was grain size and the presence of Cr,O3, as seen in Figures 2 and 4. Increasing the grain
size can improve the HE resistance of HE, as indicated by Fu et al. [18]. Indeed, refined
grain size would absorb more hydrogens since there are more H traps in grain boundaries,
so HE sensitivity is higher in alloys with a smaller grain size. Based on this analysis, our
MEA with a mm-scale grain size is expected to have strong HE resistance; contrarily, it
shows high HE sensitivity. This unexpected trend, a smaller grain size having higher HE
susceptivity, is also reported in high-N stainless steel [46]. It is known that hydrogen can be
transported to GBs via the motion of dislocations, leading to hydrogen accumulation near
the GBs. In our case, the coarsened grain can barely impede the motion of the dislocations,
which facilitates the transportation of hydrogen into the GBs via dislocation motion. Such
increase in hydrogen near the GBs decreases the cohesive energy of the GBs, and finally
results in intergranular cracks according to the hydrogen-enhanced decohesion (HEDE)
mechanism. Another factor of microstructures that influences the HE in our case is the
Cr, O3 particle, which promotes the initiation of HE cracks, as demonstrated in Figure 8.
A large number of the Cr,Oj3 particles deteriorates the tensile ductility, and dissolving these
particles via heat treatment benefits the resistance to HE [27].

5. Conclusions

The effect of current density on the HE of a CrCoNi MEA was investigated via an
in situ hydrogen charging method. The deformed microstructure and HE cracks were
characterized by SEM and EBSD. Based on the obtained results and analysis, we can draw
the following conclusions:

(1) At the strain rate of 1 x 107> s~1, CrCoNi MEA is susceptible to HE under in situ
hydrogen charging conditions, and the HE susceptibility of the MEA increases with the
increasing current density; however, the HE resistance of the MEA is better than that of
the as-rolled and 3D-printed Cantor alloy and SUS301L. This finding further confirms the
promising industrial application of CrCoNi MEA.

(2) Both intergranular and transgranular HE cracks were observed with hydrogen,
with clear slip traces present in the flat interior of grains.

(3) Hydrogen facilitates deformation twins, i.e., only primary deformation twins
occur without hydrogen, while primary and secondary deformation twins happen with
hydrogen, and deformation twins can also be formed at the crack front where no large
plastic deformation occurred; hydrogen also promotes dislocation motion and localized
slip in the grain interiors and boundaries, which leads to HE crack initiation.
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(4) Hydrogen-enhanced localized plasticity and hydrogen decohesion are the possible
HE mechanisms of the CrCoNi MEA.

Author Contributions: Conceptualization, S.Y.; Methodology, S.Y. and Z.Z.; Investigation, S.Y., X.H.
and Z.Z.; Writing-original draft, S.Y.; Writing-review & editing, S.Y. and Z.Z.; Supervision, S.Y. and
Z.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research has been funded by Shenzhen Science and Technology Institute (grant no.
000617 and 20220810154235001).

Data Availability Statement: All data has been displayed in the paper.
Acknowledgments: We appreciated the reviewers for improving our paper.

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

References

1. Zhu, Z; Yan, S.; Chen, H.; Gou, G. Unprecedented combination of strength and ductility in laser welded NiCoCr medium entropy
alloy joints. Mater. Sci. Eng. A 2021, 803, 140501. [CrossRef]

2. Wu, Y Zhang, F; Yuan, X.; Huang, H.; Wen, X.; Wang, Y.; Zhang, M.; Wu, H.; Liu, X.; Wang, H.; et al. Short-range ordering and
its effects on mechanical properties of high-entropy alloys. . Mater. Sci. Technol. 2021, 62, 214-220. [CrossRef]

3. Yan, S.; Qin, Q.H.; Zhong, Z. On the real-time atomistic deformation of nano twinned CrCoFeNi high entropy alloy. Nanotechnology
2020, 31, 385705. [CrossRef] [PubMed]

4. George, E.P; Curtin, W.A,; Tasan, C.C. High entropy alloys: A focused review of mechanical properties and deformation
mechanisms. Acta Mater. 2020, 188, 435-474. [CrossRef]

5. George, E.P; Raabe, D.; Ritchie, R.O. High-entropy alloys. Nat. Rev. Mater. 2019, 4, 515-534. [CrossRef]

6. Yeh, JJW.; Chen, S.K; Lin, S.J.; Gan, ].Y,; Chin, T.S.; Shun, T.T,; Tsau, C.H.; Chang, S.Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and outcomes. Adv. Eng. Mater. 2004, 6, 299-303. [CrossRef]

7. Ding, Q.; Zhang, Y.; Chen, X,; Fu, X.; Chen, D.; Chen, S.; Gu, L.; Wei, E; Bei, H.; Gao, Y.; et al. Tuning element distribution,
structure and properties by composition in high-entropy alloys. Nature 2019, 574, 223-227. [CrossRef]

8. Li H,; Li, Y; Nie, Y,; Yan, S. Small-scale mechanical properties and deformation mechanisms of a laser welded CrCoNi medium-
entropy alloy joint. Mater. Sci. Eng. A 2022, 855, 143959. [CrossRef]

9. Yan,S.; Zhou, H.; Zhu, Z.; Fu, Y,; Tian, J. High strength-ductility synergy in a laser welded dissimilar joint of CrCoNi medium-
entropy alloy and stainless steel. Mater. Sci. Eng. A 2022, 840, 142854. [CrossRef]

10. Cantor, B.; Chang, .T.H.; Knight, P; Vincent, A.J].B. Microstructural development in equiatomic multicomponent alloys. Mater. Sci.
Eng. A 2004, 375-377,213-218. [CrossRef]

11.  Gludovatz, B.; Hohenwarter, A.; Catoor, D.; Chang, E.H.; George, E.P; Ritchie, R.O. A fracture-resistant high-entropy alloy for
cryogenic applications. Science 2014, 345, 1153-1158. [CrossRef] [PubMed]

12. Ding, Q.; Fu, X,; Chen, D.; Bei, H.; Gludovatz, B.; Li, J.; Zhang, Z.; George, E.P; Yu, Q.; Zhu, T; et al. Real-time nanoscale
observation of deformation mechanisms in CrCoNi-based medium- to high-entropy alloys at cryogenic temperatures. Mater. Today
2019, 25, 21-27. [CrossRef]

13. Luo, H,; Li, Z.; Raabe, D. Hydrogen enhances strength and ductility of an equiatomic high-entropy alloy. Sci. Rep. 2017, 7, 9892.
[CrossRef] [PubMed]

14. Luo, H,; Lu, W,; Fang, X.; Ponge, D.; Li, Z.; Raabe, D. Beating hydrogen with its own weapon: Nano-twin gradients enhance
embrittlement resistance of a high-entropy alloy. Mater. Today 2018, 21, 1003—-1009. [CrossRef]

15.  Zhao, Y,; Lee, D.-H.; Seok, M.-Y,; Lee, J.-A_; Phaniraj, M.P;; Suh, J.-Y.; Ha, H.-Y.; Kim, J.-Y.; Ramamurty, U.; Jang, ].-I. Resistance of
CoCrFeMnNi high-entropy alloy to gaseous hydrogen embrittlement. Scr. Mater. 2017, 135, 54-58. [CrossRef]

16. Ichii, K.; Koyama, M.; Tasan, C.C.; Tsuzaki, K. Comparative study of hydrogen embrittlement in stable and metastable high-
entropy alloys. Scr. Mater. 2018, 150, 74-77. [CrossRef]

17.  Nygren, K.E; Bertsch, K.M.; Wang, S.; Bei, H.; Nagao, A.; Robertson, .M. Hydrogen embrittlement in compositionally complex
FeNiCoCrMn FCC solid solution alloy. Curr. Opin. Solid State Mater. Sci. 2018, 22, 1-7. [CrossRef]

18. Fu, Z.H.; Yang, B.].; Chen, M.; Gou, G.Q.; Chen, H. Effect of recrystallization annealing treatment on the hydrogen embrittlement
behavior of equimolar CoCrFeMnNi high entropy alloy. Int. J. Hydrogen Energy 2021, 46, 6970-6978. [CrossRef]

19. Pu, Z,; Chen, Y.; Dai, L.H. Strong resistance to hydrogen embrittlement of high-entropy alloy. Mater. Sci. Eng. A 2018, 736,
156-166. [CrossRef]

20. Nygren, K.E.; Wang, S.; Bertsch, K.M.; Bei, H.; Nagao, A.; Robertson, .M. Hydrogen embrittlement of the equi-molar FeNiCoCr
alloy. Acta Mater. 2018, 157, 218-227. [CrossRef]

21. Lu, X;; Wang, D.; Li, Z.; Deng, Y.; Barnoush, A. Hydrogen susceptibility of an interstitial equimolar high-entropy alloy revealed
by in-situ electrochemical microcantilever bending test. Mater. Sci. Eng. A 2019, 762. [CrossRef]

22. Li, Z.; Pradeep, K.G.; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable high-entropy dual-phase alloys overcome the strength-ductility

trade-off. Nature 2016, 534, 227-230. [CrossRef] [PubMed]


https://doi.org/10.1016/j.msea.2020.140501
https://doi.org/10.1016/j.jmst.2020.06.018
https://doi.org/10.1088/1361-6528/ab99ef
https://www.ncbi.nlm.nih.gov/pubmed/32503016
https://doi.org/10.1016/j.actamat.2019.12.015
https://doi.org/10.1038/s41578-019-0121-4
https://doi.org/10.1002/adem.200300567
https://doi.org/10.1038/s41586-019-1617-1
https://doi.org/10.1016/j.msea.2022.143959
https://doi.org/10.1016/j.msea.2022.142854
https://doi.org/10.1016/j.msea.2003.10.257
https://doi.org/10.1126/science.1254581
https://www.ncbi.nlm.nih.gov/pubmed/25190791
https://doi.org/10.1016/j.mattod.2019.03.001
https://doi.org/10.1038/s41598-017-10774-4
https://www.ncbi.nlm.nih.gov/pubmed/28852168
https://doi.org/10.1016/j.mattod.2018.07.015
https://doi.org/10.1016/j.scriptamat.2017.03.029
https://doi.org/10.1016/j.scriptamat.2018.03.003
https://doi.org/10.1016/j.cossms.2017.11.002
https://doi.org/10.1016/j.ijhydene.2020.11.154
https://doi.org/10.1016/j.msea.2018.08.101
https://doi.org/10.1016/j.actamat.2018.07.032
https://doi.org/10.1016/j.msea.2019.138114
https://doi.org/10.1038/nature17981
https://www.ncbi.nlm.nih.gov/pubmed/27279217

Entropy 2023, 25, 673 14 of 14

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Wu, Z.; Parish, C.M.; Bei, H. Nano-twin mediated plasticity in carbon-containing FeNiCoCrMn high entropy alloys.
J. Alloys Compd. 2015, 647, 815-822. [CrossRef]

Luo, H,; Li, Z.; Lu, W.; Ponge, D.; Raabe, D. Hydrogen embrittlement of an interstitial equimolar high-entropy alloy. Corros. Sci.
2018, 136, 403—408. [CrossRef]

Astafurova, E.G.; Panchenko, M.Y.; Reunova, K.A.; Mikhno, A.S.; Moskvina, V.A.; Melnikov, E.V.; Astafurov, S.V.; Maier, H.]. The
effect of nitrogen alloying on hydrogen-assisted plastic deformation and fracture in FeMnNiCoCr high-entropy alloys. Scr. Mater.
2021, 194, 113642. [CrossRef]

Fu, Z.; Yang, B.; Gan, K;; Yan, D,; Li, Z.; Gou, G.; Chen, H.; Wang, Z. Improving the hydrogen embrittlement resistance of a
selective laser melted high-entropy alloy via modifying the cellular structures. Corros. Sci. 2021, 190, 109695. [CrossRef]
Koyama, M.; Ichii, K.; Tsuzaki, K. Grain refinement effect on hydrogen embrittlement resistance of an equiatomic CoCrFeMnNi
high-entropy alloy. Int. |. Hydrogen Energy 2019, 44, 17163-17167. [CrossRef]

Wu, Z.; Bei, H.; Pharr, G.M.; George, E.P. Temperature dependence of the mechanical properties of equiatomic solid solution
alloys with face-centered cubic crystal structures. Acta Mater. 2014, 81, 428-441. [CrossRef]

Laplanche, G.; Kostka, A.; Reinhart, C.; Hunfeld, J.; Eggeler, G.; George, E.P. Reasons for the superior mechanical properties of
medium-entropy CrCoNi compared to high-entropy CrMnFeCoNi. Acta Mater. 2017, 128, 292-303. [CrossRef]

Zhang, Z.; Sheng, H.; Wang, Z.; Gludovatz, B.; Zhang, Z.; George, E.P; Yu, Q.; Mao, S.X; Ritchie, R.O. Dislocation mechanisms
and 3D twin architectures generate exceptional strength-ductility-toughness combination in CrCoNi medium-entropy alloy.
Nat. Commun. 2017, 8, 14390. [CrossRef]

Gludovatz, B.; Hohenwarter, A.; Thurston, K.V.; Bei, H.; Wu, Z.; George, E.P.; Ritchie, R.O. Exceptional damage-tolerance of a
medium-entropy alloy CrCoNi at cryogenic temperatures. Nat. Commun. 2016, 7, 10602. [CrossRef]

Yang, M.; Zhou, L.; Wang, C.; Jiang, P; Yuan, F; Ma, E.; Wu, X. High impact toughness of CrCoNi medium-entropy alloy at
liquid-helium temperature. Scr. Mater. 2019, 172, 66-71. [CrossRef]

Zhang, R.; Zhao, S.; Ding, J.; Chong, Y.; Jia, T.; Ophus, C.; Asta, M.; Ritchie, R.O.; Minor, A.M. Short-range order and its impact on
the CrCoNi medium-entropy alloy. Nature 2020, 581, 283-287. [CrossRef] [PubMed]

Zhang, F.X.; Zhao, S.; Jin, K.; Xue, H.; Velisa, G.; Bei, H.; Huang, R.; Ko, ].Y.P,; Pagan, D.C.; Neuefeind, ].C.; et al. Local structure
and short-range order in a NiCoCr solid solution alloy. Phys. Rev. Lett. 2017, 118, 205501. [CrossRef]

Soundararajan, C.K.; Luo, H.; Raabe, D.; Li, Z. Hydrogen resistance of a 1 GPa strong equiatomic CoCrNi medium entropy alloy.
Corros. Sci. 2020, 167, 108510. [CrossRef]

Yan, S.; Zhou, H.; Xing, B.; Zhang, S.; Li, L.; Qin, Q.H. Crystal plasticity in fusion zone of a hybrid laser welded Al alloys joint:
From nanoscale to macroscale. Mater. Des. 2018, 160, 313-324. [CrossRef]

Yan, S.; Qin, Q.H.; Chen, H.; Zhong, Z. Hybrid laser welding of dissimilar aluminum alloys: Welding processing, microstructure,
properties and modelling. J. Manuf. Process. 2020, 56, 295-305. [CrossRef]

Yan, S.; Ma, C.; Chen, H. Modifying microstructures and mechanical properties of laser-arc welded joints of dissimilar advanced
aluminum alloys. Mater. Charact. 2020, 164, 110331. [CrossRef]

Yan, S.; Chen, H.; Ma, C.; Nie, Y.; Wang, X.; Qin, Q.H. Local corrosion behaviour of hybrid laser-MIG welded Al-Zn-Mg alloy
joints. Mater. Des. 2015, 88, 1353-1365. [CrossRef]

Slone, C.E.; Chakraborty, S.; Miao, J.; George, E.P.; Mills, M.].; Niezgoda, S.R. Influence of deformation induced nanoscale
twinning and FCC-HCP transformation on hardening and texture development in medium-entropy CrCoNi alloy. Acta Mater.
2018, 158, 38-52. [CrossRef]

Fu, Z.H; Yang, B.J.; Shan, M.L; Li, T.; Zhu, Z.Y.; Ma, C.P,; Zhang, X.; Gou, G.Q.; Wang, Z.R.; Gao, W. Hydrogen embrittlement
behavior of SUS301L-MT stainless steel laser-arc hybrid welded joint localized zones. Corros. Sci. 2020, 164, 108337. [CrossRef]
Koyama, M.; Akiyama, E.; Tsuzaki, K. Effect of hydrogen content on the embrittlement in a Fe-Mn-C twinning-induced plasticity
steel. Corros. Sci. 2012, 59, 277-281. [CrossRef]

Koyama, M.; Akiyama, E.; Tsuzaki, K.; Raabe, D. Hydrogen-assisted failure in a twinning-induced plasticity steel studied under
in situ hydrogen charging by electron channeling contrast imaging. Acta Mater. 2013, 61, 4607—4618. [CrossRef]

Hao, C.; Koyama, M.; Ajito, S.; Akiyama, E. Strain rate sensitivity of hydrogen-assisted e-martensitic transformation and
associated hydrogen embrittlement in high-Mn steel. Int. |. Hydrogen Energy 2021, 46, 27221-27233. [CrossRef]

Tugluca, I.B.; Koyama, M.; Shimomura, Y.; Bal, B.; Canadinc, D.; Akiyama, E.; Tsuzaki, K. Lowering Strain Rate Simultaneously
Enhances Carbon- and Hydrogen-Induced Mechanical Degradation in an Fe-33Mn-1.1C Steel. Metall. Mater. Trans. A 2019, 50,
1137-1141. [CrossRef]

Noh, H.-S.; Kang, ].-H.; Kim, S.-]. Effect of grain size on hydrogen embrittlement in stable austenitic high-Mn TWIP and high-N
stainless steels. Int. |. Hydrogen Energy 2019, 44, 25076-25090. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jallcom.2015.05.224
https://doi.org/10.1016/j.corsci.2018.03.040
https://doi.org/10.1016/j.scriptamat.2020.113642
https://doi.org/10.1016/j.corsci.2021.109695
https://doi.org/10.1016/j.ijhydene.2019.04.280
https://doi.org/10.1016/j.actamat.2014.08.026
https://doi.org/10.1016/j.actamat.2017.02.036
https://doi.org/10.1038/ncomms14390
https://doi.org/10.1038/ncomms10602
https://doi.org/10.1016/j.scriptamat.2019.07.010
https://doi.org/10.1038/s41586-020-2275-z
https://www.ncbi.nlm.nih.gov/pubmed/32433617
https://doi.org/10.1103/PhysRevLett.118.205501
https://doi.org/10.1016/j.corsci.2020.108510
https://doi.org/10.1016/j.matdes.2018.09.031
https://doi.org/10.1016/j.jmapro.2020.03.048
https://doi.org/10.1016/j.matchar.2020.110331
https://doi.org/10.1016/j.matdes.2015.08.140
https://doi.org/10.1016/j.actamat.2018.07.028
https://doi.org/10.1016/j.corsci.2019.108337
https://doi.org/10.1016/j.corsci.2012.03.009
https://doi.org/10.1016/j.actamat.2013.04.030
https://doi.org/10.1016/j.ijhydene.2021.05.162
https://doi.org/10.1007/s11661-018-5080-7
https://doi.org/10.1016/j.ijhydene.2019.07.227

	Introduction 
	Experimental Methods 
	Results 
	Microstructure of the CrCoNi MEA 
	Tensile Properties 
	Fractography 
	Deformed Microstructures 

	Discussion 
	HE Susceptibility of MEA 
	Hydrogen-Assisted Deformation Mechanisms 
	Possible Factors Influencing HE of MEA 

	Conclusions 
	References

