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High-entropy alloys have shown exceptional damage tolerance at cryogenic temperatures. Here we
report that this essential property can be maintained even when exposing the equiatomic CoCrFeMnNi
alloy to the most detrimental environmental condition known to metals, hydrogen. This is enabled by
a self-accommodation mechanism: the higher the local hydrogen content, the higher the twin
formation rate as hydrogen reduces the stacking fault energy. Thus, the hydrogen’s through thickness
diffusion gradient translates into a nano-twin gradient that counteracts material weakening by
enhanced local strengthening. The concept targets applications under harsh and cryogenic conditions,
such as encountered in arctic, offshore, energy and liquid gas chemical processing, and transport
operations. The new mechanism opens a pathway to the design of alloys that withstand heavy
mechanical loading under cryogenic and hydrogen-containing conditions.
Introduction
High-entropy alloys (HEAs) composed of multiple principal ele-
ments have drawn great attention over the past decade [1–6].
The five-component equiatomic CoCrFeMnNi alloy is one of
the most appealing HEAs due to the high thermodynamic stabil-
ity of its single face-centered cubic (f.c.c.) structure and the excel-
lent mechanical properties at various temperatures [7]. It also
shows good resistance to hydrogen embrittlement at relatively
low hydrogen concentrations [8,9]. However, it suffers from
embrittlement at high hydrogen concentrations during slow
strain rate tensile deformation [10,11]. Hydrogen has long been
known to cause embrittlement, which is a severe environmental
type of failure that affects almost all metals and alloys. In
non-hydride forming materials, e.g., the aforementioned CoCr-
FeMnNi HEA, the deleterious effects of hydrogen on the mechan-
ical properties are mainly due to the element’s influence on
dislocation multiplication, glide, and patterning, as well as on
interface decohesion [12].

Although the threat of hydrogen embrittlement has
motivated nearly one and a half centuries of intense research
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[13–21], hydrogen remains not only the most ubiquitous but also
the least understood element in engineering metallic alloys. Fur-
ther, the applied temperature has remarkable effects on the
mechanical properties of materials in the presence of hydrogen
[22,23]. For instance, metastable stainless steels are susceptible
to hydrogen embrittlement particularly between 200 and 300 K
[24,25]. At liquid nitrogen temperature (77 K), hydrogen
embrittlement is generally less studied in metallic materials
[26]. Specifically in HEAs, the effects of hydrogen under cryo-
genic conditions are still unclear.

Here, we show how the addition of hydrogen fundamentally
changes the deformation behavior of an equiatomic CoCr-
FeMnNi HEA at 77 K due to the formation of a nano-twin gradi-
ent structure extending over 35 lm from the surface with
nanoscale twins to the sample center with coarse twins. This
gradient in the nano-twin population provides additional local
strain hardening reserves, suppressing the material’s surface
embrittlement.

Twin-gradient-related strategies for improving the mechanical
properties of metals were reported before in the example of cop-
per, which was subjected to surface mechanical grinding for
achieving gradient nano-structures [27,28]. Here we use chemical
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instead of mechanical grading for creating such nanostructure
profiles. The key mechanism behind this phenomenon in the
current HEA lies in the influence of the local hydrogen concen-
tration on the phase stability of the f.c.c. lattice structure: In
the surface region, where the hydrogen content is high, the
HEA’s phase stability is reduced rendering it prone to intense
nano-twin formation upon cryogenic loading. In the mid-
thickness sample region, less hydrogen was accumulated, hence
leaving the material’s properties widely unaltered.

The equiatomic CoCrFeMnNi HEA was produced by melting
and casting in a vacuum induction furnace from high-purity
metals. The cast alloy was hot-rolled and homogenized followed
by water-quenching. Grain size was refined by cold-rolling and
recrystallization annealing. Uniaxial tensile specimens of ASTM
standard G129 were cut by wire-electrode discharge machining.
Results and discussion
Fig. 1a shows the tensile curves of CoCrFeMnNi HEA samples
tested at 77 K with and without hydrogen charging. The yield
strength and ultimate tensile strength of the samples at 77 K
devoid of hydrogen are about 430 MPa and 950 MPa (Supple-
mentary Table 1), respectively, showing significantly increased
values compared to those at room temperature [9]. Most impor-
tantly though, the HEA sample tested at 77 K did not show any
significant degradation in strength and ductility when exposed
to hydrogen charging (Fig. 1a). This indicates that the CoCr-
FeMnNi HEA has excellent resistance to hydrogen embrittlement
at liquid nitrogen temperature. The thermal desorption spec-
troscopy (TDS) analysis results shown in Fig. 1b confirms that
the total concentration of hydrogen is �53.6 wt.ppm after elec-
trochemical charging prior to tensile testing.

To understand the micromechanisms during cryo-
deformation of the hydrogen-charged HEA, we analyzed the
microstructures of the cross-section in the tensile-tested sample
�200 lm away from the fracture surface, covering a range from
the surface to the inner regions following the decreasing hydro-
gen concentration. Fig. 2a and b present EBSD maps of the HEA
FIGURE 1

Mechanical behavior of equiatomic CoCrFeMnNi HEA upon deformation at 77 K
hydrogen exposure. (b) Hydrogen desorption rate curves of the samples prior
hydrogen charging.

1004
sample after tensile testing at 77 K without hydrogen charging.
The grains are elongated along the loading direction and some
deformation twins are observed in the grain interior (Fig. 2b).
This observation matches previous studies showing that twin-
ning is indeed an important mechanism during the late deforma-
tion stages of the equiatomic CoCrFeMnNi HEA at cryogenic
temperature [29,30]. Fig. 2c shows that the line fraction of the
deformation twin interfaces relative to all grain boundaries is
quite similar in the surface and the interior regions for the
uncharged specimen.

In contrast, the HEA sample tested at 77 K after hydrogen
charging shows two significant differences to the hydrogen
free sample: First, it contains a much higher density of defor-
mation twin boundaries (Fig. 2e and f) than its hydrogen-free
counterpart. Second, the density of the twin boundaries and
their line fraction are much higher in the hydrogen-rich sur-
face region than in the hydrogen poor inner region (Fig. 2g),
establishing a nano-twin gradient structure after cryo-
deformation. Such a nano-twinned gradient structure enabled
by chemical gradients is observed for the first time in the pre-
sent study.

To identify also corresponding structure – property features
relating the twin-structure to the mechanical response, nanoin-
dentation tests were conducted on the cross section of the ten-
sile-tested HEA samples for both, hydrogen charged and
uncharged samples. Prior to indentation samples were heated
to 373 K for 3 days and kept at 273 K for 7 days to ensure removal
of all hydrogen so as to probe the effect of the nanostructure gra-
dient only. Fig. 2d shows the nanohardness of the regions in the
cross section �200 mm away from the fracture surface. The
nanohardness data of the HEA sample that was free of any hydro-
gen when cryo-tensile tested, i.e., without gradient nano-twin
structure, show similar hardness values in the inner and outer
portions of the sample.

In contrast, the sample that was hydrogen charged prior to
cryo-tensile testing reveals a nanohardness gradient that matches
the nano-twin structure gradient (Fig. 2h). This means that the
sample shows higher nanohardness values in the outer region
with and without hydrogen. (a) Tensile stress–strain curves with and without
to deformation. The total hydrogen concentration was 53.6 wt.ppm after
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FIGURE 2

Microstructures in the equiatomic CoCrFeMnNi HEA samples after cryo-deformation. (a,b) IPF and grain boundary maps of the cryo-deformed sample without
hydrogen showing few deformation-induced twins. (c) Line fraction of deformation twins from the surface to the interior. (d) Cross sectional nanohardness in
the cryo-tensile-tested sample without prior hydrogen charging, i.e., without gradient nano-twin structure. (e,f) IPF and grain boundary maps of the cryo-
deformed sample with hydrogen showing a very high density of deformation twins, especially in the region near to the surface of the sample. (g) Line
fraction of deformation twins from the surface to the interior revealing a gradient nano-twin structure. (h) Cross sectional nanohardness in the cryo-tensile-
tested sample with prior hydrogen charging, i.e., with gradient nano-twin structure. The nanoindentation experiments were conducted on the cross section
of the cryo-tensile-tested HEA samples after hydrogen was removed by heating. IPF: inverse pole figure. HAGB and TB refer to high-angle grain boundary and
twin boundary, respectively. Twin boundaries’ line fractions refer to the percentage of the length of deformation twin boundaries relative to the total high-
angle grain boundary length.

Materials Today d Volume 21, Number 10 d December 2018 RESEARCH
where the nano-twin density was higher than in the inner region
where it was lower. Since the hydrogen itself was removed from
the sample prior to indentation this observation reveals that the
high density of the nano-twins creates a local hardening effect,
consistent to previous work showing that the local hardness
scales with the nanoscale twin content in f.c.c. metals [31].

We further revealed the nano-twinned gradient structure by
transmission electron microscopy (TEM). TEM specimens were
taken by site-specific lift-out using a FIB and prior EBSD measure-
ments to select regions of interest (Fig. 3a). The TEM images of
the specimen from the surface region show a very high density
of lamella-shaped features with an average thickness of
�25 nm (Fig. 3b and c). The selected area diffraction (SAD)
pattern and the corresponding stereographic projection of the
orientation in Fig. 3d confirm that the very fine lamellae are
nano-twins. The TEM results of the specimen taken from the
inner regions of the deformed sample show much coarser twins
with an average twin thickness of �100 nm (Fig. 3e–g). The
TEM results thus reveal a nano-twinned gradient structure with
smaller nano-twins with high line density in the surface region
and coarser twins with lower line density in the material’s inner
region. It was reported before that mechanical twinning is an
important deformation mechanism in the CoCrFeMnNi HEA,
particularly when deformed at 77 K and/or at high deformation
rates [29,30]. This earlier finding is confirmed by our results
(Fig. 2). Hydrogen is reducing the stacking fault energy, hence
promoting this mechanism further. However, without the diffu-
sion controlled near-surface composition gradient of the hydro-
gen through the material thickness, the resulting enhanced
twin density and size distribution would be uniform throughout
the bulk sample and hence no gradient-twin structure would be
formed.
1005
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FIGURE 3

Deformation micromechanisms in different regions of the HEA at 77 K. (a) EBSD map showing the cross-section regions selected for further TEM analysis after
hydrogen charging and cryo-deformation. (b–d) Bright-field TEM, dark-field TEM, and selected area diffraction (SAD) pattern for a typical surface region. (e–g)
Bright-field TEM, dark-field TEM, and SAD pattern for a typical inner region. CH refers to the concentration of hydrogen.
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The fracture morphology corresponding to the gradient nano-
twin structure was examined and the results are shown in Fig. 4.
There are no features of brittle fracture in the surface regions of
samples with and without hydrogen (Fig. 4a and b), proving that
the HEA can resist surface brittle fracture in the presence of
hydrogen at liquid nitrogen temperature. The fracture surface
of the tested sample without preceding hydrogen charging
shows the growth and coalescence of microvoids as prevalent
failure mechanism (Fig. 4c). The dimple patterns are similar in
both the surface and center regions of the tensile sample. The
average size of the uniformly distributed dimples is �1 lm. Inclu-
sion particles are observed in some of the dimples (Fig. 4c). The
dimple sizes are not uniform in the hydrogen-charged cryo-ten-
sile-tested HEA samples, and they show a gradual increase from
the surface to the center regions (Fig. 4f–h). Specifically, the sur-
face region with its higher hydrogen concentration shows nano-
sized dimples with an average size of only �80 nm (Fig. 4g),
while the hydrogen-poor center region has much coarser dimples
with an average size of �1 lm. This gradient in dimple sizes is
strongly correlated with the gradient nano-twin structure
induced by the hydrogen under cryo-deformation conditions.
This means that the finer twins in the surface region also lead
to a higher dimple dispersion and, vice versa, coarser twins create
larger dimples [32].

Another important feature is that no cracks were observed in
the surface region with its high hydrogen concentrations after
1006
cryo-tensile deformation (Fig. 4). Numerous previous works
[33–37] revealed that surface cracks are readily formed after elec-
trochemical charging and tensile deformation at slow strain rates
at room temperature. In general, hydrogen induced cracking is
controlled by diffusion of hydrogen and its accumulation at
crack tips [38] where hydrogen transport can be enhanced by dis-
locations. The diffusion of hydrogen decreases exponentially
with decreasing temperature. Based on the parameters of hydro-
gen diffusion in other f.c.c. alloys [39], e.g., the lattice activation
energy, the diffusion pre-exponential factor, and the tempera-
ture, the lattice diffusion coefficient of hydrogen in the equia-
tomic CoCrFeMnNi HEA at 77 K was estimated to be in the
range of 10�35–10�40 m2�s�1. Another important factor is that
the twin boundaries, especially the coherent ones, have been
suggested to be inherently resistant to hydrogen embrittlement
because of their high surface separation energy, high coherency,
and low hydrogen solubility [40,41]. Accordingly, an increased
population of twin boundaries induces a nanoscale toughening
mechanism, i.e., the cracks can be arrested by twin boundaries,
and nanoscale twins serve as crack-bridging ligaments. Atomistic
simulations have shown that a large number of necklace-like dis-
locations can be emitted from a crack tip and interact with twin
boundaries ahead of the crack tip, transforming coherent twin
boundaries into impenetrable dislocation walls, which can
strongly resist crack propagation, leading to crack arresting and
bridging [42–44]. Therefore, the gradient nano-twinned structure
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FIGURE 4

Fracture morphologies of CoCrFeMnNi HEA samples after cryo-deformation with and without hydrogen at 77 K. (a,b) Fracture morphologies of HEA samples
after tensile testing with and without hydrogen charging. (c) Ductile-dimpled fracture surface of sample without hydrogen charging. (d,e) Enlarged images
for edge and center regions of the fracture surface marked in a, respectively. (f) Ductile-dimpled fracture surface of sample with hydrogen charging. (g,h)
Enlarged images for edge and center regions of the fracture surface marked in d, respectively. CH refers to the concentration of hydrogen.
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is likely to improve the resistance to surface cracks due to the
very high density of nano-twin in the surface region.

These results show that one of the main features of the
microstructural evolution in the CoCrFeMnNi HEA upon
deformation at 77 K is the intense mechanical twinning. This is
consistent with previous work on the cryo-deformation behavior
of the CoCrFeMnNi HEA [29] and associated with the low
stackingfault energy (SFE) of the HEA, especially when decreas-
ing the deformation temperature [45]. Hydrogen reduces the
SFE of f.c.c. materials even further, hence, supporting the earlier
onset of mechanical twinning under load. The hydrogen-
induced decrease in the stacking fault energy in f.c.c. alloys
could be explained by the formation of H-H pairs in the faulted
zone, i.e., the recombination of hydrogen atoms occupying
neighboring interstitial lattice sites [46,47]. Therefore, the syner-
gistic effects of hydrogen and cryo-deformation lead to a high
density of nano-twins in the HEA. As revealed by the fracture sur-
face analysis, hydrogen promotes the formation of more exten-
sive twinning without introducing any embrittlement during
cryo-deformation. Since hydrogenation was performed by catho-
dic charging in the solution, a gradient in hydrogen concentra-
tion from the surface to the inner regions of the samples was
introduced where the hydrogen concentration in the surface
region is much higher than that in the inner regions [48–50].
Therefore, the surface region with its higher hydrogen concen-
tration produces a higher density of nano-twins, while the inner
region with its lower hydrogen concentration forms fewer twins
and larger twin sizes.
1007
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The gradient nano-twin structure in the hydrogen charged
sample is expected to also provide a strengthening effect during
the later stages of deformation. The strengthening provided by
nano-twins is generally attributed to the dynamic Hall–Petch
effect, i.e., to the reduction in the mean-free dislocation path
[51]. Dislocations accumulated along the twin boundaries are
expected to promote a more uniform plastic deformation,
enhancing ductility. The high density of partial dislocations
and their interactions together with the small average twin spac-
ing both enhance strain hardening. This stabilizes plastic defor-
mation against necking, hence also increasing tensile ductility
[52]. However, hydrogen presence during cryo-deformation
may also promote certain embrittlement effects for instance
due to local hydrogen accumulation as a consequence of its high
fugacity in the sample surface region after electrochemical charg-
ing in sulfuric acid solution. This means that the strain harden-
ing provided by the gradient nano-twin structure seems to
overcompensate hydrogen-induced embrittlement effects (e.g.,
localized plasticity and void formation) in the CoCrFeMnNi alloy
at 77 K. These two opposing effects are mutually compensating
at comparable levels so that the gradient nano-twin structure
has only a negligible effect on the overall macroscopic flow stress
of the CoCrFeMnNi alloy in the current study.
Conclusions
In summary, we showed that a gradient nano-twin structure,
characterized by small nano-twins with high line density in
the surface region and coarser twins with lower line density
in the inner sample regions, can be induced by cryo-tensile
deformation in a gradient-hydrogen-charged CoCrFeMnNi
HEA. The beneficial effect of the gradient nano-twin structure
overcompensates hydrogen embrittlement effects, thus leading
to the absence of hydrogen-induced surface cracks upon ten-
sile deformation at 77 K. These observations allow to take a
novel approach to the introduction of gradient nanostructures
into metallic alloys not through mechanical but through
chemical gradients. Realizing this with hydrogen represents a
new strategy of designing hydrogen tolerant materials for
cryogenic applications by turning it from a harmful to a ben-
eficial element through utilizing its effect on the stacking fault
energy.
Materials and methods
Materials preparation
The equiatomic CoCrFeMnNi HEA ingot with dimensions of
25 � 60 � 65 mm3 was cast in a vacuum induction furnace using
pure metals with predetermined compositions (Co20Cr20Fe20
Mn20Ni20, at.%). Samples with dimensions of 10� 25� 60mm3

machined from the original cast were subsequently hot-rolled
at 900 �C to a thickness reduction of 50% (thickness changed
from 10 to 5 mm). Homogenization was conducted at 1200 �C
for 2 h in Ar atmosphere followed by water-quenching. To refine
the grain size, samples were further cold-rolled to a thickness
reduction of 60%, and subsequently annealed at a furnace
temperature of 900 �C for 3 min in Ar atmosphere followed by
water-quenching.
1008
Microstructural and elemental characterization
The microstructure of the recrystallized alloy (grain-refined) was
analyzed using various methods. Electron backscatter diffraction
(EBSD) measurements were carried out by a Zeiss-Crossbeam XB
1540 FIB scanning electron microscope (SEM) with a Hikari cam-
era and the TSL OIM data collection software. The EBSD analyses
were conducted with a beam step size of 5 nm. The fracture mor-
phology was observed by a Zeiss-Merlin instrument. A Phillips
CM20 TEM operating at 200-kV accelerating voltage was used
to characterize TEM foils by dark-field imaging and selected area
diffraction. The TEM foils were prepared by a focus ion beam
(FIB) lift-out procedure with final milling at 5 kV.

Hydrogen charging and mechanical characterization
Hydrogen was introduced into the specimens by electrochemical
charging with current density 20 mA/cm�2 at ambient tempera-
ture (25 �C) in 0.1 M H2SO4 solution plus 2 g�L�1 CH4N2S. A plat-
inum wire was used as the counter electrode. The samples were
pre-charged for 240 h at 20 mA�cm�2. Then, they were moved
to liquid nitrogen environment immediately for tensile tests.
The tensile tests were conducted in a Zwick tensile machine at
the tensile rate of 1 � 10�4 s�1. Uniaxial tensile tests were con-
ducted using specimens with thickness of 1.0 mm and gauge
length of 10 mm. Three samples for each condition were tested
to confirm reproducibility. The hydrogen desorption rates were
measured using a custom-designed UHV-based Thermal Desorp-
tion Analysis instrument in conjunction with a Mass Spectrom-
eter detector set up (TDA-MS) from 25 �C to 800 �C, and the
corresponding heating rate was 26 �C�min�1. The total hydrogen
concentration was determined by measuring cumulative des-
orbed hydrogen from 25 �C to 800 �C. Nanoindentation tests
were carried out using a Berkovich diamond tip with the
continuous stiffness measurement (CSM) mode on Agilent
G200 nanoindenter.
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