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The effect of marked change in grain size from coarse-grained to nanocrystalline can affect the hydro-
gen absorption and plastic deformation behavior in two face-centered cubic high-entropy alloys (HEAs),
viz. equiatomic CoCrFeNi and CoCrFeMnNi. Thermal desorption analysis of the hydrogen-charged samples
proved that grain boundaries act as hydrogen traps and thus largely increase the hydrogen contents in
the nanocrystalline samples. A direct comparison in the hydrogen absorption between two HEAs confirms
that both chemical composition and grain size are crucial factors contributing to the hydrogen solubil-
ity of the HEAs. The parameters for the thermally activated deformation from nanoindentation rate-jump
tests suggest enhanced lattice friction by hydrogen, leading to a reduction in activation volume and thus
modification of the plastic deformation processes. The results are discussed in two aspects, viz. the effect
of grain size and chemical composition on the hydrogen-affected plastic deformation.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Among a wide variety of high-entropy alloys (HEAs), scien-
tific investigations on the face-centered cubic (fcc) HEAs, which
mostly consist of 3d transition elements, are the most extensive
to date [1-3]. In addition to their prominent mechanical behavior
[2,4,5], the performance that makes the HEAs a more interesting
and practically valuable member of novel structural materials is
their low susceptibility (and thus excellent resistance) to hydro-
gen embrittlement compared to conventional fcc metals and al-
loys [6-10]. Despite the research activities on the topic, one of the
crucial issues unexplored yet is the following: “can the interesting
hydrogen-related behavior be maintained in the highly strength-
ened fcc HEAs?” To date, a major theme of the research activities
on fcc HEAs is strength enhancement in the relatively low yield
strength at room temperature and a variety of avenues are ex-
plored [2,11-14]. While strengthening mechanisms for an alloy are
mostly based on the interplay between dislocations and crystalline
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defects, the defects are also the sites extensively interacting with
hydrogen (i.e., for hydrogen diffusion and trapping). Thus, higher
fraction of defects may possibly lead to not only higher strength
but, at the same time, higher susceptibility (viz. lower resistance)
to hydrogen embrittlement, as reported for high-strength steels
[15,16]. The former is beneficial for the wider application of HEAs,
whereas the latter is detrimental. Therefore, with the application
viewpoint, exploring this possible trade-off is very important.

An intriguing step aimed at this issue is to explore the hydro-
gen uptake and its effects in the fcc HEAs having very different
fractions of defects. Grain boundary (GB) is a representative ex-
ample of the defects controllable in an easy and obvious manner.
While the grain size effect in the order of «m has been very re-
cently studied [17,18], a more critical case of nanocrystalline (NC)
fcc HEAs, whose microstructure and mechanical behavior are sub-
stantially different from those of the course-grained (CG) counter-
parts [19,20], have not been explored yet. Keeping this in view, we
compare the hydrogen uptake and its effects on the relative hard-
ness enhancements in NC and CG samples of two typical fcc HEAs
in this study.
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Fig. 1. Variations in Vickers hardness with distance from the center of the HPT-
processed discs.

Two widely studied fcc HEAs with the nominal compositions
(in at.%) of C025Cr25Fe25Ni25 and C020Cr20Fe20Mn20Ni20 (referred
to as CoCrFeNi and CoCrFeMnNi here after) were examined. They
were synthesized by vacuum induction melting of pure metals. The
ingots were then hot-rolled, homogenized (at 1000 and 1100°C, re-
spectively) for 1 h, and water-quenched to obtain well-annealed
CG samples. Discs with 10 mm diameter and ~0.83 mm thickness
were machined from homogenized samples, and then subjected to
HPT with an applied pressure of 5 GPa for 2 turns at 1 rpm. All the
specimens were polished to a mirror finish (using 0.05 pum col-
loidal silica in the final step). Vickers hardness (HV) was measured
with a peak load, Ppax, of 980 mN. Microstructures of the spec-
imens were examined using scanning electron microscopy (SEM;
Verious G4 XHR, Thermo Fisher Scientificc Waltham, MA, USA)
and transmission electron microscopy (TEM Talos F200X, Thermo
Fisher Scientific, Waltham, MA, USA). For TEM, a thin electron-
transparent layer was milled and lifted by focused ion beam (FIB;
Nova 200 NanoLab, FEI, Hillsboro, OR, USA) from the vertical cross-
sections at the edges of the HPT-processed discs.

The polished specimens were electrochemically hydrogen
charged [21,22] at room temperature (RT, ~25°C) with a potentio-
stat/galvanostat equipment with a current density of 100 mA/cm?
for 24 h in an electrolyte containing 0.1 mol/L NaOH and 0.5 wt.%
NH4SCN. All the subsequent experiments were conducted right
after charging. Thermal desorption spectroscopy (TDS) was per-
formed using a gas chromatograph (JTF-20A, J-Science Lab, Ky-
oto, Japan) at a constant heating rate of 100 °C/h. Nanoindenta-
tion experiments were conducted on CG specimens and at the
edges of each HPT specimen using a Nanoindenter-XP (KLA, Mil-
pitas, CA, USA) with a Berkovich tip. The nanohardness (HN) mea-
surements were performed at constant indentation strain rate of &
(= (dh/dt)/h, where h is depth and t is time) of 0.025 s~! with
Pmax = 100 mN. Additionally, strain-rate jump tests were per-
formed to a maximum depth of 2500 nm with ¢ ranging from
0.0005 to 0.025 s~!. (See Fig. S1 in the Supplementary Informa-
tion (SI) for details.).

Variations of HV along diameters of the HPT discs of the two
HEAs are shown in Fig. 1. For comparison, HV of the CG samples
before HPT are also displayed. As expected, a substantial hardness
enhancement due to HPT, across the entire disc diameters, is ob-
served. A gradual increase in HV with the distance from the center,
r, of HPT disks is also seen. Since the imposed strain increases with
r during HPT, the microstructural refinement is substantial in the
peripheral regions [13,19,23]. The HV values at the disc edges are
~2.8 to 3.6 times HV of CG CoCrFeNi and CoCrFeMnNi, respectively.
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Representative microstructures of the CG and NC HEAs are dis-
played in Fig. 2. The backscattered electron (BSE) images of CG
samples in Figs. 2a and 2e show well annealed microstructures
consisting of coarse grains (with d of ~28 and ~61 um for CoCrFeNi
and CoCrFeMnNi, respectively) and some annealing twins. Bright-
field TEM images (Figs. 2b and 2f) obtained from the edge regions
of the HPT specimens reveal marked grain refinement; estimated
d values are ~46 and ~45 nm for CoCrFeNi and CoCrFeMnNi, re-
spectively. The combined effect of the significant enhancement in
atomic diffusivity during the HPT process [13] and relatively low
stacking fault energy (SFE) [19,24] in the fcc HEAs (~26.8 and ~17
mJ/m? for CoCrFeNi and CoCrFeMnNi, respectively [25]) are the
reasons for the ready nanocrystallization during HPT. Thus, the sig-
nificant hardening observed in the peripheral regions of the HPT
samples is mainly due to grain refinement as the Hall-Petch coef-
ficient of HEAs is substantially larger compared to that of conven-
tional fcc metals and alloys [13,19,26]. An increase in the disloca-
tion and deformation twin densities could be additional contribu-
tors to the observed strengthening [19,27,28].

The selected area electron diffraction (SAED) patterns (Figs. 2¢
and 2g) reveal single-phase fcc structure in both the alloys. To-
gether with the X-ray diffraction results (Fig. S2 in SI), they con-
firm that no phase transformation takes place during HPT. The
energy dispersive X-ray spectroscopy (EDS) maps obtained during
TEM (Figs. 2d and 2h) indicate homogeneous distributions of con-
stituent elements without any noticeable segregation or clustering
in both the samples.

In Fig. 3, HN of the hydrogenated NC and CG samples are com-
pared with those of their uncharged counterparts. An increase in
HN upon hydrogen charging is noted in all cases. Importantly, the
percentage increase in HN is much smaller in both NC HEAs (~7%)
whereas it is substantial in CG samples (~57% for CoCrFeMnNi and
~29% for CoCrFeNi). The estimated values of the Hall-Petch coef-
ficient, kyp, in both HEAs with and without hydrogen (Fig. S3 in
SI) suggest that hydrogenation does not affect the grain boundary’s
strengthening ability in a significant manner.

To gain more insights into the influence of hydrogen on the
plastic deformation mechanisms of HEAs, we performed nanoin-
dentation strain-rate jump tests for estimating the rate-dependent,
thermally-activated deformation parameters, viz. the strain rate
sensitivity m and the activation volume V*. Since the rate jump
tests can substantially reduce experimental time compared to mul-
tiple constant strain rate tests [29,30], they offers a great advan-
tage in effectively reducing the potential influence of hydrogen
outgassing on the obtained results. In order to account for the in-
dentation size effect [31], HN right before and after each transient
& change at specific depths (h = 1000, 1500, and 2000 nm) are
used for estimating m and V* [30] according to

_ dInH _ InH, — InH,
~ 9lné ~ Inéy —Ing;’

(1)

where the subscripts ‘1’ and ‘2’ denote the HN values obtained be-
fore and after the transient ¢ change, respectively, and

« Blnél ll'léz — 1116"]

Vr = ﬁkT&(H/C) = V3kTC H, —H, (2)
where k is the Boltzmann’s constant, T is the temperature, and C
is the constraint factor [13]. The average values of m and V* esti-
mated using the above equations for the two HEAs with CG and NC
microstructures are displayed in Fig. 4a and 4b, respectively. While
both grain refinement and hydrogen charging increase m, they re-
duce V*.

The thermal desorption spectra obtained on different samples
are displayed in Fig. 5. The hydrogen contents in the charged CG
samples are ~4.3 and ~24.7 wppm for CoCrFeNi and CoCrFeMnNi,
respectively. It is significantly higher in the charged NC samples
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Fig. 2. Typical microstructure of the (a-d) CoCrFeNi and (e-h) CoCrFeMnNi HEAs: (a,e), SEM BSE images; (b,f), TEM bright field images; (c,g) TEM SAED patterns, (d,h) TEM

EDS maps.
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Fig. 3. Hardness changes caused by hydrogen charging in CoCrFeNi and CoCr-
FeMnNi HEAs. The given percentage is for the normalized hardness increment by
hydrogen charging.

(45.6 and 90.8 wppm), with it being nearly-double in the CoCr-
FeMnNi HEA than in the CoCrFeNi HEA.

The influence of chemical composition and grain size of the al-
loy are utilized below to discuss the results obtained.

(1) Chemical composition: The relatively higher hydrogen uptake in
CoCrFeMnNi HEA, irrespective of d, implies that the hydrogen’s
solubility in it is much higher than in CoCrFeNi under identical
charging conditions [32]. This observation appears to be con-
sistent with the data reported in the literature, as summarized
in Table 1 [8,9,17,18,33], and confirm that hydrogen solubility
is sensitive to the chemical composition of the alloy. While the
precise reasons responsible for such high hydrogen solubility in

Table 1

Comparison of the hydrogen contents (in wppm) in CoCrFeNi and CoCr-
FeMnNi HEAs under exactly same hydrogen charging conditions in various
grain size regimes. Coarse-grained alloys represent those with grain sizes
of >10 pm, while fine-grained is for 1 to 10 pm, and nanocrystalline is for
<100 nm [32].

Grain size regime  CoCrFeNi  CoCrFeMnNi  References

Coarse-grained 4.3 24.7 Present study
54.3 113.0 Koyama et al. [17,33]
58.5 146.9 Nygren et al. [8,9]
Fine-grained 63.7 129.0 Koyama et al. [17,18]
Nanocrystalline 45.6 90.8 Present study

CoCrFeMnNi HEA are not known yet, the following ones have
been suggested. (i) Severe lattice distortion associated with the
large solute concentrations and the resulting high lattice strain
energy may make the interstitial sites in HEAs more amenable
for hydrogen atoms’ residence [6,34]. However, this possibility
can be ruled out on the basis of the present set of results, as
the lattice distortion levels in the two HEAs are comparable
[35,36] or the distortion is even slightly severer in CoCrFeNi
[37,38] depending on the applied models or measures. (ii) In
austenitic stainless steels (ASS), which are often compared with
the CoCrFeMnNi HEA due to the similarity in the major alloy-
ing elements and fcc crystal structure [1,6,22], high Cr and Mn
contents are known to enhance the hydrogen solubility [39].
In comparison to 316L ASS, which generally has 16-18 wt.%
Cr and 2 wt.% Mn, CoCrFeNi has higher Cr content (nominally
23.2 wt.%) but no Mn, whereas CoCrFeMnNi possesses slightly
higher Cr (18.6 wt.%) and substantially higher Mn content (19.6
wt.%) [6]. Such relative differences in the Cr and Mn contents
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Fig. 5. TDS results of hydrogen-charged CoCrFeNi and CoCrFeMnNi HEAs.

can satisfactorily explain the observed H absorption differences
among the two HEAs and 316L ASS. Koyama et al. [18] found
that reducing Mn content from 20 to 13 at.% in Co-Cr-Fe-Mn-
Ni HEAs can lead to a ~40% reduction in the absorbed content.
(iii) Both experiments [40,41] and simulations [42] suggest that
HEAs are heterogeneous at the nanoscale with the existence of
the short-ranger ordered (SRO) domains, i.e., HEAs are not com-
pletely random solid solutions at the atomic scale. While such
SRO domains may be suitable sites for higher hydrogen solu-
bility, it is doubtful if CoCrFeMnNi would contain a remarkably
higher level of SRO than CoCrFeNi.

Grain size: Compared to CG samples, the hydrogen-induced
hardening in the NC samples is much smaller. They also exhibit
smaller V* values despite having significantly higher hydrogen
contents. Opposing trends in the hydrogen-induced hardness
enhancement and absorbed hydrogen contents are seen, i.e.,
higher the hydrogen content in the alloy, smaller is the increase
in HN upon charging. This suggest that the hydrogen content in
the alloy may not necessarily dominate the hydrogen sensitivity
of material properties, at least in terms of strength/hardness.
For ductility/toughness, we speculate that hydrogen may also
exert a lesser influence on the NC HEAs; as such, the low duc-
tility of NC alloys [43] may further marginalize the hydrogen
effects. Insights into the possible reasons can be gained by
analyzing the predominant deformation mechanisms inferred
through the V* values in terms of b3 (where b is the magnitude
of Burgers vector). In fcc metals, V* varies by orders of mag-
nitude for different rate-limiting processes, with typical values
of > ~100b3 for dislocation forest cutting, ~10b3 for GB sliding,
and ~1b3 to ~10b3 for diffusion either along GBs or through the
crystalline lattice [44,45]. As noted from Fig. 4b, V* in the NC
samples varies between ~11 and 18b3, whereas V* of the CG
samples ranges between ~22 and 70b3. The latter values are in
good agreement with our previous study [19]. A V* of ~10b3 in
NC HEAs suggests that their deformation mechanisms are con-
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and CoCrFeMnNi HEAs in both uncharged and hydrogen-charged states.

sistent with conventional NC metals, i.e. GB-mediated disloca-
tion activity (dislocation nucleation and/or dislocation depin-
ning at GBs [44,46]). On the contrary, CG HEAs show lower V*
values than those in conventional CG metals (> ~100b3 [44]),
suggesting that the short-range barriers, which are responsi-
ble for thermally activated deformation process [45,47], are en-
hanced. This is because HEAs possess much higher lattice fric-
tion stress, (i.e, much stronger Peierls barrier to dislocation
motion) than pure or dilute fcc metals and alloys [48,49], lead-
ing to the reduction in V* of CG HEAs [48-50].

Values of V* obtained on hydrogen-charged samples are always
lower than those of the uncharged ones, indicating an increase in
the lattice friction stress for dislocation motion caused by the ab-
sorbed hydrogen. This is consistent with the results reported on
CoCrFeMnNi HEA [51] that show increased lattice friction with the
charging time (and hence increased hydrogen content in the alloy).
Such an enhancement in the friction stress reduces the dislocation
mobility, and in turn, increases hardness with a concomitant de-
crease in V*, which ultimately can enhance the ability of hydro-
gen to embrittle the alloy. Such a contribution, however, would
be minor in NC samples [52,53] since GBs plays the predominant
role in strengthening, as evidenced from the above analysis on V*;
this explains the relatively lower hydrogen-induced hardening in
the NC samples. It is noteworthy that the exceptionally low V* in
the hydrogen-charged CG CoCrFeMnNi HEA may be related with
the high hydrogen solubility in it (nearly 6 times that measured in
hydrogen-charged CG CoCrFeNi) [54].

In summary, the coupled roles of grain size and chemical com-
position on the relative influence of hydrogen on the hardening
of CoCrFeNi and CoCrFeMnNi HEAs were investigated. Results sug-
gest that the grain boundaries in HEAs increase the hydrogen ab-
sorption substantially. The relative strengthening due to hydrogen
in fine grained alloys is much smaller. A comparison of CoCrFeNi
and CoCrFeMnNi HEAs suggests that the alloy’s chemical compo-
sition, rather than the ‘randomness’ in composition (or chemical
SRO), dictates the extent of hydrogen uptake during charging, with
Cr and Mn being the key elements. The constitutive parameters
for rate-dependent, thermally-activated deformation processes, es-
timated using the nanoindentation rate-jump tests, indicate that
hydrogen reduces the lattice friction stress in HEAs and thus mod-
ifies the underlying mechanisms governing the plastic deformation.
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