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Abstract—The strain rate and temperature effects on the hydrogen embrittlement behavior of Fe-20Mn-
20Ni-20Cr-20Co and Fe-30Mn-10Cr-10Co (at %) high-entropy alloys were investigated. The Fe-20Mn-
20Ni-20Cr-20Co high-entropy alloy exhibits a mechanically stable face-centered cubic (FCC) structure. The
as-annealed microstructure of the Fe-30Mn-10Cr-10Co high-entropy alloy consists of a metastable FCC
phase with a thermally induced hexagonal close-packed (HCP) martensite. After hydrogen precharging in a
100-MPa hydrogen gas atmosphere, tensile tests were carried out on the two high-entropy alloys. The hydro-
gen increased the yield strength of both alloys. With the increase in strain rate from 10 to 10%s', the yield
strength of the hydrogen-charged Fe-20Mn-20Ni-20Cr-20Co alloy markedly increased, which indicates acti-
vation of the strengthening mechanism related to the thermal activation of dislocation motion associated with
hydrogen atoms. In contrast, the strain rate effect on the yield strength was insignificant in the Fe-30Mn-
10Cr-10Co alloy, where the FCC-HCP martensitic transformation dominated the onset of plasticity. In terms
of failure, the combined hydrogen effects that increased the flow stress and decreased the work-hardening
rate in the late deformation stage accelerated the occurrence of specimen necking, particularly at a high strain
rate, e.g. 10 s ' at 20°C. In addition, the elongation of the hydrogen-charged Fe-20Mn-20Ni-20Cr-20Co and
Fe-30Mn-10Cr-10Co alloys increased with the strain rate, which indicates that the hydrogen transport by dis-
location motion in late deformation stages assisted both modes of cracking (along grain boundaries and HCP
martensite plates) in high-entropy alloys, which resulted in hydrogen-induced intergranular fracture and qua-
si-cleavage fracture, particularly at relatively low strain rates. Importance of the hydrogen transport by dislo-
cation motion for brittle fracture at 20°C was supported by the test results at —100°C: brittle fracture occurred
at higher stress and larger strain as compared to the cases at 20°C for both alloys.
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1. INTRODUCTION FCC to body-centered cubic (BCC) structures must

High-strength alloys with significant resistance to
hydrogen have been explored to achieve light, safe,
and long-lifetime infrastructures for hydrogen ener-
gy. However, the hydrogen embrittlement susceptibi-
lity increases with increasing strength level, which is
a dilemma in this issue. In this context, face-centered
cubic (FCC) alloys, such as austenitic steel and Ni al-
loys, are considered to be hydrogen-resistant materi-
als. To obtain hydrogen-resistant FCC alloys, the de-
formation-induced martensitic transformation from
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be suppressed [1]. However, mechanically stable
FCC alloys generally exhibit low strength [2].

A pathway to increase the strength in mechanical-
ly stable FCC alloys is the high-entropy alloy (HEA)
design strategy. The equiatomic composition of CoCr
FeMnNi alloy exhibits a mechanically stable FCC
structure, high toughness, and relatively high strength
[3, 4]. In this study, stable FCC HEA is referred to as
S-HEA. S-HEA exhibited a high resistance to hydro-
gen embrittlement [5—7]. However, hydrogen embrit-
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tlement occurred when an S-HEA specimen was ex-
posed to a 100-MPa hydrogen gas [8, 9]. Although
hydrogen embrittlement can be suppressed by grain
refinement [10] and removal of Mn [11, 12], the in-
trinsic cause of hydrogen embrittlement has not been
clarified. Another pathway is the use of martensitic
transformation from the FCC to hexagonal close-
packed (HCP) structure for increasing the strength
with a significant resistance to hydrogen embrittle-
ment [13], because the HCP phase exhibits a low hy-
drogen diffusivity similar to that of the FCC phase
[14]. As HEAs without Ni can exhibit the FCC —
HCP martensitic transformation [15, 16], metastable
HEA with the FCC — HCP transformation is another
candidate for high-strength FCC-based alloys. In this
study, metastable HEA is referred to as M-HEA. Hy-
drogen embrittlement of M-HEA hydrogen-charged
with a 100-MPa hydrogen gas has been reported, al-
though it occurred after a significant plastic deforma-
tion [9]. Therefore, to develop high-strength hydro-
gen-resistant FCC alloys, the factors affecting the
embrittlement behavior must be elucidated through
systematic experiments.

An important factor as a characteristic of the hyd-
rogen embrittlement of HEAs is their strain-rate sen-
sitivity. Similar to the hydrogen embrittlement beha-
vior of other alloys, for both S-HEA and M-HEA, the
elongation decreased with decreasing strain rate [17].
In addition, the work-hardening behavior seems to
differ with the variation in strain rate. As the strain-
rate sensitivity of HEAs has not been investigated in
detail, the stress—strain response and fracture surfaces
with different strain rates were thoroughly analyzed
in this study, as the macroscopic and mesoscopic me-
chanical characterization. Furthermore, to deepen our
understanding, the hydrogen embrittlement behavior
at a low temperature of —100°C was investigated.

2. EXPERIMENTAL METHODS

The nominal chemical compositions of S-HEA
and M-HEA used in this study were Fe-20Mn-20Ni-
20Cr-20Co and Fe-30Mn-10Cr-10Co (at%). S-HEA
was mechanically stable even after tensile fracture at
ambient temperature and in cryogenic temperature
[4]. M-HEA exhibits the transformation-induced
plasticity effect originating from the martensitic
transformation from the FCC to HCP structure [15,
16]. Ingots (50kg) of the two alloys were prepared
by vacuum induction melting and hot-rolled to a
thickness of 52% at 1000°C followed by homogeni-
zation at 1200°C for 2 h in an Ar atmosphere and fur-

nace cooling. The homogenized bars were further
hot-rolled to obtain a thickness reduction to 33%
(from 60 to 20mm). The rolled bar was solution-
treated at 800°C in an air atmosphere for 1 h, follow-
ed by water quenching. Tensile specimens with the
1 mm thickness were made by electric discharge ma-
chining. The gauge length and width of the speci-
mens were 10 and 2 mm, respectively. To introduce
hydrogen, the specimens were exposed to a 100-MPa
hydrogen gas atmosphere at 270°C for 200 h. Tensile
tests were carried out at ambient temperature (20°C)
at the initial strain rates 10, 10, and 107s™". Frac-
ture surfaces were studied by scanning electron mic-
roscopy at the acceleration voltage 15kV. The mea-
sured content of diffusion hydrogen in S-HEA and
M-HEA was 113 and 178 ppm by mass, respectively

[9].

3. RESULTS
3.1. Stable HEA

Figure 1 shows the nominal stress—strain curves
of S-HEA without and with hydrogen charging. As
reported previously, the yield strength increased by
hydrogen charging owing to solution hardening and
with the increase in strain rate. In addition, hydrogen
decreased the work-hardening rate and elongation, ir-
respective of the strain rate. As shown in Fig. 1b,
fracture of a hydrogen-charged specimen with the
strain rate 10 s~ occurred at the necking condition:
do/de=0, where ¢ and ¢ are the true stress and true
strain, respectively.

Figure 2 shows fractographs of hydrogen-charged
specimens obtained after the tensile tests (Fig.1).
The entire region of the fracture surfaces exhibited
brittle features (Figs.2a—2c). The major portion of
the fracture surfaces showed features of intergranular
fracture, irrespective of the strain rate; i.e. no signifi-
cant changes appeared in the fractographic features
when the strain rate was changed.

Figure 3 shows the deformation behavior when
the deformation temperature changes from 20 to
—100°C. A decrease in temperature decreases the
stacking fault energy of the FCC structure, which
promotes deformation twinning in FCC alloys, in-
cluding S-HEA [18]. The promoted deformation
twinning increases the work-hardening rate and the
associated uniform elongation when hydrogen is not
introduced. The deformation behavior at —100°C wi-
thout hydrogen charging followed the conventional
trend. Hydrogen charging decreased the elongation
but increased the work-hardening rate at —100°C,
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Fig. 1. Nominal stress—strain (a) and work-hardening rate curves at 20°C with (/—3) and without (4-6) hydrogen charging (H) in
S-HEA (b). Some of the presented experimental data were obtained from the previous papers [9, 17] (color online).

Fig. 2. Overviews (a—c) and magnifications (a'—c’) of the fracture surfaces of hydrogen-charged S-HEA after the tensile tests in
Fig. 1: 107* (a, a'), 107 (b, b’), and 102 s™' (c, ¢').
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Fig. 4. Nominal stress—strain (a) and work-hardening rate curves (b) at 20°C with and without hydrogen charging in M-HEA.

Figure (a) was reproduced from [17] (color online).

unlike the case at 20°C. Fracture at —100°C occurred
before the fulfillment of the necking condition. Nota-
bly, the elongation of the hydrogen-charged speci-
men tested at —100°C was larger than that at 20°C.

3.2. Metastable HEA

Figure 4 shows nominal stress—strain curves of
M-HEA without and with hydrogen charging. Simi-
lar to the behavior of S-HEA, hydrogen charging de-
teriorated elongation and increased the yield strength.
The work hardening rate of hydrogen-charged speci-
mens decreased with decreasing strain rate. Fracture
occurred after the fulfillment of the necking condi-
tion in the absence of hydrogen, but hydrogen charg-

ing caused premature fracture, irrespective of the
strain rate. A characteristic feature of hydrogen-
charged M-HEA was the insignificant change in the
yield strength with increasing strain rate.

As shown in Fig. 5, regardless of the strain rate,
hydrogen-charged M-HEA exhibited a quasi-clea-
vage fracture, although the uncharged specimen exhi-
bited a fully ductile fracture surface [9]. Quasi-clea-
vage fracture is the typical fracture mode in FCC al-
loys, in which the FCC-HCP martensitic transforma-
tion occurred [19, 20]. Only a minor portion of the
fracture surfaces exhibited an intergranular fracture
pattern. Consequently, hydrogen charging and de-
creased strain rate accelerated the occurrence of qua-

Fig. 5. Overviews (a—c) and magnifications (a'—c') of the fracture surfaces of hydrogen-charged M-HEA after the tensile tests at
20°C in Fig. 4: 10 (a, a'), 107 (b, b'), and 102 57! (c, ¢'). IG—intergranular fracture, y/e—interface fracture (color online).
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Fig. 6. Low-temperature deformation behavior of M-HEA: nominal stress—strain (a) and work-hardening rate curves (b) (color

online).

si-cleavage cracking associated with FCC—HCP mar-
tensite. Specifically, step-like ridges on the quasi-
cleavage facet of M-HEA indicate the microdamage
formation and its growth along the FCC/HCP inter-
faces [19, 20].

Similar to S-HEA, the elongation of hydrogen-
charged M-HEA tested at —100°C was larger than
that at 20°C (Fig. 6a). In addition, hydrogen changed
insignificantly the stress—strain response until the no-
minal strain 0.1. Then, the work-hardening rate of
hydrogen-charged M-HEA suddenly dropped imme-
diately before fracture (Fig. 6b). When the deformati-
on temperature was decreased to —100°C in M-HEA,
quasi-cleavage fracture occurred even when hydro-
gen was not introduced (Fig. 7a). Furthermore, the to-
pography of step-like ridges became shallow compar-
ed to that at 20°C in the hydrogen-charged specimen

and at —100°C in the hydrogen-uncharged specimen.
Notably, in the hydrogen-charged specimen tested at
—100°C, there was a significant fraction of the inter-
granular fracture surface near the corner of the speci-
men (Figs. 7b and 7b"), which would be the crack ini-
tiation region.

4. DISCUSSION

First, we summarize the results for S-HEA.

Hydrogen charging resulted in an increase in the
yield strength at 20°C. The yield strength of hydro-
gen-charged specimens increased with the strain rate
from 10 to 10°s" at 20°C (Fig. 1a). The strain rate
effect on the yield strength with hydrogen decreased
with decreasing deformation temperature from 20 to
—100°C (Fig. 3a).

OF

Fig. 7. Overviews (a, b) and magnifications (a’, b") of the fracture surfaces of hydrogen-uncharged (a, a') and hydrogen-charged
M-HEA (b, b') after the tensile tests at —100°C in Fig. 6; 10 s™' (color online).
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Intergranular fracture occurred only when plastic
strain and hydrogen were provided (Figs. 1a and 2).
The stress and strain at which hydrogen-induced in-
tergranular fracture occurred decreased with decreas-
ing strain rate at 20°C (Figs. 1a) and increased with
decreasing deformation temperature from 20 to
—100°C (Fig. 3a).

Elongation of hydrogen-charged S-HEA at 20°C
increased with the strain rate (Fig. 1a), and fracture at
107s™" occurred after the fulfillment of the necking
condition (Fig. 1b).

The work-hardening rate was decreased by hydro-
gen charging, particularly at the late stage of plastic
deformation at 20°C, and the work-hardening rate
changed insignificantly with the wvariation in the
strain rate (Fig. 1b). A decrease in the work-harden-
ing rate by hydrogen was not observed at —100°C
(Fig. 3b).

The strain rate effect shown in Fig. 1a indicates
that hydrogen atoms preexisting at and around mo-
bile dislocations act as short-range obstacles against
dislocation motion, which can be passed through the
thermal activation process. For example, lattice dis-
tortion and dislocation pinning by solute hydrogen,
both of which are dominated by the thermal activa-
tion process at room temperature, prevent dislocation
motion. However, the temperature effect that reduced
the strain rate sensitivity in the hydrogen-charged
specimen (Fig. 3a) is unclear, which needs further in-
vestigations.

The increase in tensile strength and total elonga-
tion with growing strain rate and decreasing tempera-
ture in hydrogen-charged specimens, shown in
Figs. 1a and 3a, indicates that hydrogen-induced in-
tergranular fracture, observed in Fig. 2, is related to
the hydrogen-decorated dislocation motion to grain
boundaries. The efficiency of hydrogen delivery by
dislocation motion monotonically increases with de-
creasing strain rate and increasing temperature be-
cause of the decrease in dislocation velocity and in-
crease in hydrogen diffusivity. The hydrogen locali-
zation at grain boundaries assists the occurrence of
intergranular fracture.

The occurrence of intergranular fracture is not a
direct factor determining elongation at 10*s™"' and
20°C because fracture occurred after the fulfillment
of the necking condition, as shown in Fig. 1b. More
specifically, an increase in flow stress and a decrease
in work-hardening rate by hydrogen, were direct cau-
ses of the hydrogen-induced degradation of elongati-
on at 107s ™" and 20°C. A reduction in work harden-
ing can be explained by gradual crack/void nuclea-

tion during plastic deformation [21]. A gradual in-
crease in the number density and size of cracks/
voids decreases macroscopic work hardening rates
due to a reduction in the real cross-sectional area of a
specimen. The crack/void formation behavior during
deformation before fracture should be investigated in
the future.

Second, we summarize the results for M-HEA.

Hydrogen charging increased the yield strength of
M-HEA, but its degree did not exhibit a significant
dependence on the strain rate (Fig. 4a).

Quasi-cleavage fracture occurred as the predomi-
nant fracture mode at 20°C in hydrogen-charged
M-HEA (Fig. 5). The stress and strain at which hyd-
rogen-induced quasi-cleavage fracture occurred de-
creased with decreasing strain rate at 20°C (Fig. 4a).

Quasi-cleavage fracture occurred at —100°C even
without hydrogen charging (Fig. 7a). Note that quasi-
cleavage fracture at —100°C in hydrogen-charged
M-HEA occurred at higher stress and strain than that
at 20°C (Fig. 6a).

Step-like ridges on the quasi-cleavage facet be-
came shallow when the deformation temperature was
decreased from 20 to —100°C in hydrogen-charged
M-HEA (Fig. 7b). In addition, an intergranular frac-
ture area was observed in the corner of the specimen.

The yield strength of M-HEA was dominated by
the onset of the deformation-induced FCC-HCP mar-
tensitic transformation, because the starting tempera-
ture for the thermally induced martensitic transfor-
mation is 55°C [22]. The critical stress for the defor-
mation-induced FCC-HCP martensitic transforma-
tion increases by hydrogen-assisted solution harden-
ing [23], which is consistent with the fact that the
yield strength of M-HEA was increased by hydrogen
(Fig. 4a). Because the growth of the FCC-HCP mar-
tensite resulted from a group motion of dislocations,
its growth tip has a larger stress than the stress
around a single dislocation. Large stress at the
growth tip of the HCP martensite may have decreas-
ed the activation volume for dislocation motion in the
hydrogen atmosphere, which resulted in the insensiti-
vity of the yield strength to the strain rate in hydro-
gen-charged M-HEA.

The quasi-cleavage fracture shown in Figs. 5 and
7 is associated with cracking along HCP martensite
plates [19, 20]. According to the previous studies, as
the flow stress and the amount of the deformation-
induced FCC — HCP martensite increase with de-
creasing temperature, the quasi-cleavage feature be-
comes distinct at cryogenic temperatures when hyd-
rogen is not considered [24, 25]. However, the de-
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crease in temperature in hydrogen-charged specimens
increased the critical stress and strain of quasi-clea-
vage fracture, as shown in Fig. 6. Considering that
the strain rate increase also increased the critical
stress and strain of quasi-cleavage fracture, the plasti-
city-related hydrogen transport to the FCC/HCP in-
terface and the interior of the HCP martensite assist-
ed the hydrogen-induced quasi-cleavage fracture at
20°C. Specifically, motions of perfect dislocation and
extended dislocation, which act as predominant plas-
ticity mechanisms for the late deformation stage, are
considered to transport hydrogen. It is also notewor-
thy that the temperature decrease in hydrogen-
charged specimens increased the ductility (Fig. 6a),
but the fracture surface pattern became brittle (elon-
gation became large, but step-like ridges appeared to
be shallow) (Fig. 7b). Step-like ridges are formed by
the initiation of multiple small cracks/voids and sub-
sequent coalescence along HCP martensite plates
[19, 20]. Thus, the position of ridges corresponds to
sites of multiple small crack/void initiation, which in-
dicates that shallow step-like ridges in the hydrogen-
charged specimen fractured at the low temperature
resulted from the crack/void coalescence before the
significant opening/growth of cracks/voids. In other
words, the plasticity-related hydrogen transport to
HCP martensite, which was active at 20°C, contribut-
ed to the multiple void/crack initiation, which deteri-
orated the ductility associated with quasi-cleavage
fracture. When the temperature was decreased, the
associated increase in flow stress accelerated the coa-
lescence of multiple cracks/voids or grain boundary
cracking, which however did not critically deteriorate
the ductility at —100°C, because the multiple crack/
void initiation originating from the hydrogen trans-
port was suppressed. More specifically, the hydrogen
accumulation at the intersections of hydrogen-deco-
rated dislocation motion paths and HCP martensite
plates accelerated the crack/void initiation, particu-
larly at 20°C. Considering the variation trend of the
mechanical properties by hydrogen charging and at
different deformation temperature, the ease of mul-
tiple crack/void initiation acted as a detrimental fac-
tor causing the failure of hydrogen-charged M-HEA.

5. CONCLUSIONS

As mesoscopic characteristics of hydrogen em-
brittlement of S-HEA and M-HEA, stress—strain re-
sponses and fracture surfaces at different strain rates
and temperatures were analyzed. The effects of hyd-
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rogen on the mechanical behavior of HEAs can be
summarized as follows.

Hydrogen charging of S-HEA increased the yield
strength, and the degree increased with increasing
strain rate, which indicated that the strengthening
mechanism was related to the thermal activation pro-
cess. The strain rate sensitivity of the yield strength
in hydrogen-charged specimens was suppressed
when the FCC — HCP martensitic transformation do-
minated the onset of plasticity (for M-HEA).

At —100°C, the hydrogen effect on the yield
strength was observed neither in S-HEA nor in M-
HEA. However, further investigation is required to
obtain comprehensive understanding.

The combined effects of hydrogen, which increas-
ed the flow stress and decreased the work-hardening
rate at the late deformation stage in S-HEA, accele-
rated the occurrence of the specimen necking, parti-
cularly at high strain rates, e.g. 10>s " at 20°C.

The hydrogen transport to boundaries/interfaces
by dislocation motion at the late deformation stages
assisted both modes of cracking: along grain bounda-
ries and along HCP martensite plates. The plasticity-
related hydrogen transport in M-HEA mainly assisted
the crack/void initiation along HCP martensite plates.
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