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ABSTRACT
This study delves into effects of deep cryogenic treatment (DCT) on enhancing the hydrogen embrit-
tlement resistanceof CoCrFeMnNi high-entropy alloy fabricated via laser powder-bed-fusion (L-PBF).
Comparatively assessing as-print, conventional heat treatment, and DCT, we uncover how nanotwin
formationwithinmatrix serves as a criticalmechanism tocombat adverseeffects of hydrogenembrit-
tlement. This work reveals that DCT not onlymitigates inherent residual stresses from L-PBF, thereby
fostering dislocation redistribution and microstructural stabilization, but also synergizes with high-
density dislocation cells. Our findings articulate a nuanced understanding of microstructural evolu-
tion in response to post-treatments and consequential enhancement of hydrogen embrittlement
resistance.

Highlights
• Laser-based additively manufactured CoCrFeMnNi undergoes post heat treatment and deep

cryogenic treatment to tailor dislocations and residual stress.
• The inherent residual stress acts as the driving force for the redistribution of dislocations, leading

to the development of a stable microstructure after deep cryogenic treatment.
• High-density dislocation cells and hydrogen collaborate to lower the local stacking fault energy,

triggering gradient nanotwins.
• Nanotwin-ability effects by deep cryogenic treatment (77 K× 36 h) on the hydrogen embrittle-

ment resistance of CoCrFeMnNi with interior defects are verified.
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1. Introduction

The ongoing pursuit of advanced metals capable of reli-
able performance in hydrogen-related environments is
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of paramount importance [1], particularly for struc-
tural materials that possess both high strength and
enduring toughness. The CoCrFeMnNi high-entropy
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alloy (HEA), characterized by its stable single-phase
face-centered cubic (FCC) microstructure [2,3], exhibits
superior mechanical properties such as high fracture
toughness, effective strain hardening, and significant
resistance to hydrogen embrittlement [4,5], rivaling the
performance of extensively utilized austenitic stainless
steels [6,7].

The advent of laser-based metal additive manufactur-
ing (MAM) [8–10] offers a versatile solution for tailoring
hierarchical microstructures that are structurally origi-
nated [11,12]. A key feature is the evolution of dislocation
cells, which are engendered by residual stresses inher-
ent in alloys processed through the laser-based MAM
process [13,14]. Nonetheless, the propensity of dense dis-
location cells and phase interfaces in the complex and
hierarchicalmicrostructures ofAMmetallicmaterials are
the preferred sites for hydrogen accumulation, leading
to an increase in vacancy formation, thereby diminish-
ing the hydrogen resistance of laser-based MAM pro-
cessed FCCmaterials [2,9,15]. The incidence of hydrogen
embrittlement phenomena can potentially be diminished
in AM metallic materials that exhibit higher uniformity
and minimal defects [9], which includes the reduction of
high-energy interfaces, such as precipitates, inclusions,
and micro-cracks. Consequently, the activation of cer-
tain underlying mechanisms, such as nanotwins, might
be imperative for enhancing hydrogen resistance, thus
paving the way for the design of strong, ductile, and
hydrogen-tolerant metallic materials.

Printing defects, including porosity and micro-cracks
on the surface andwithin themetal’s interior, amplify the
local stress intensity factor and hydrogen accumulation
[9]. These defects originate from the thermal residual
stress induced by a rapid cooling rate and cyclic heat-
ing history [10,13]. Deep cryogenic treatment (DCT)
emerges as a potent and green strategy for mitigat-
ing residual stress and tailoring microstructure [16,17].
Moreover, the DCT induced deformation twins in the
MAM parts [18,19], offering a potential bulwark against
hydrogen embrittlement [20]. However, ambiguities per-
sist regarding the capacity for nanotwin formationwithin
dislocation cells of laser-based MAM-processed materi-
als subjected to DCT, and implications thereof on their
behaviors in hydrogen-rich environments.

In the present work, a comparative experimental
study was conducted on the hydrogen embrittlement
of a model material, CoCrFeMnNi HEA, fabricated by
the L-PBF process. Post-processing strategies, including
heat treatment and DCT, were implemented to elucidate
the underlying deformation mechanism of hydrogen-
charged MAM samples. This work demonstrates that the
nanotwinning capability, induced by the inherent resid-
ual stress, can be redistributed through DCT, thereby

augmenting strengths and mitigating weaknesses under
hydrogen-rich conditions.

2. Materials andmethods

This work employed a laser-powder bed fusion (L-PBF)
process to fabricate the CoCrFeMnNi. The spherical
CoCrFeMnNi powders were initially produced using gas
atomization (d10: 14.9 µm, d50: 29.3 µm, d90: 51.2 µm).
The measured flow-ability using a Hall-flowmeter was
16.1 s for flowing 50 g of powders, and the apparent
density was 4.45 g/cm3. Specific processing parameters
were used, including a laser power of 200 W, scan-
ning speed of 750 mm/s, hatch spacing of 90 µm, laser
beam diameter of 90 µm, bidirectional scanning, layer
thickness of 30 µm, and 180° rotation between lay-
ers. Cuboid samples measuring 12× 10× 10 mm3 on
each side were fabricated and subsequently sliced into
0.5-mm-thick slices via electrical discharge machining.
Three groups of L-PBF processed samples (labeled as
as-printed, AP) underwent annealing in heat treatment
(1073 K for 1 h and water cooling, labeled as HT)
and DCT (77 K for 36 h, labeled as DCT), as depicted
in Figure 1(a). The relative densities of AP, HT, and
DCT samples, measured using the Archimedes method,
are 99.16± 0.53%, 99.00± 0.30%, and 99.89± 0.16%,
respectively. As shown in Figure 1(b), the AP sample
exhibits some interior defects (gas pores and solidifi-
cation microcracks), regarded as an inherent deficiency
in the L-PBF process. Moreover, the chemical composi-
tion distribution at high magnification revealed negligi-
ble element segregation or fluctuation, as illustrated in
Figure 1(c). The HT and DCT samples also exhibit sim-
ilar interior defects and uniform chemical composition
distribution, as provided in the Supplementary file.

Electron channeling contrast imaging (ECCI) analysis
was performed on the X-Z plane to evaluate how hydro-
gen affects tensile deformation. The morphology of the
AP sample in the X-Y plane was characterized using a
field-emission scanning electron microscope (Ultra 55,
ZEISS) equipped with backscattered electrons (BSE) and
electron backscattered diffraction (EBSD). Fractography
was observed using a JEOL FE-SEM instrument. Chemi-
cal composition analysis was conducted using an energy
dispersive spectrometer (EDS).

The samples were subjected to electrochemical hydro-
gen charging at a constant current density of 100 A/m2 at
293 K using potentiostat/galvanostat equipment (6035A,
Agilent) in a 1L NaCl+NH4SCN (10:1, wt%) solution
for 12 h. The hydrogen-charged counterparts of the AP,
HT, and DCT specimens are designated as AP-H, HT-
H, and DCT-H, respectively. Dog-bone-shaped samples,
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Figure 1. (a) Schematic illustration detailing the overall experimental procedure. The operation protocols for the L-PBF process are fol-
lowedby subsequentpost-treatmentof theHTandDCT, andhydrogencharging. The tensile sample andmicrostructureobservationareas
are also shown; (b) The AP sample on the X-Y plane showing typical defects. The insert presents the ratio of elemental compositions; (c)
Microstructure of the AP sample on the X-Y plane with element distributions.

with a gauge length of 1.5 mm, were prepared for ten-
sile tests under a slow strain rate of 1× 10−4 s−1. The
tensile samples were finely polished up to a 1200 grit
finish, yielding a final thickness of ∼350 µm. Strain
measurements were precisely conducted using the digital
image correlation method (ARAMIS 5M, GOM Optical
Tech.) [21].

3. Results and discussion

Uniaxial tensile tests were conducted for the AP, HT, and
DCT samples, along with their hydrogen-charged coun-
terparts. The representative engineering stress–strain
plots and the work hardening rate are depicted in Figure
2(a,b). Hydrogen charging is observed to adversely affect
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Figure 2. (a) Tensile stress-strain curves of the AP, HT, andDCT sampleswith/without hydrogen charging (marked by dashed/solid lines).
The symbols ‘⊗’ indicate the threshold of fracture points; (b) Work hardening rate of the samples; (c) Ashby diagrams plotting UFE versus
UTS for thepresentwork in comparisonwith reported results [6,7]. The symbols ‘�/♦filled/unfilled insidedenote thematrixwith/without
hydrogen charging; (d) UFE∗(YS+UTS)/2 plotted versus YS for the FCC alloys in various conditions.

Table 1. Summary of mechanical properties of the AP, HT, and DCT samples in hydrogen-free/charged status after tensile tests.

Sample YS, MPa UTS, MPa UFE, % TE, % UFE∗(YS+UTS)/2, mJ/mm3

AP 518± 8 675± 2 20.32± 2.12 30.71± 2.51 121.15± 11.64
AP-H 550± 12 597± 6 12.41± 3.16 20.58± 5.02 71.11± 17.71
HT 451± 33 672± 16 20.67± 1.31 27.01± 4.41 116.13± 12.40
HT-H 472± 25 616± 0 16.35± 0.47 22.81± 0.20 88.93± 4.58
DCT 584± 16 687± 1 18.29± 0.89 31.82± 0.89 116.25± 13.31
DCT-H 559± 25 641± 3 12.82± 0.77 23.60± 0.88 76.90± 6.02

the ductility of these samples, with total elongation (TE)
losses of 11.90%, 8.73%, and 6.97% for the AP, HT,
and DCT samples, respectively, when compared to their
hydrogen-free counterparts. A comprehensive summary
of the mechanical properties is presented in Table 1 for
the repeated tensile tests. The DCT samples exhibit a sig-
nificant enhancement in achieving a higher synergy of
ductility and strength, with a TE of 31.82% and a yield
strength (YS) of 584 MPa, among all samples without
hydrogen charging. In the context of hydrogen embrit-
tlement susceptibility, both HT-H and DCT-H sam-
ples show viable resistance to hydrogen embrittlement
compared to the AP-H counterpart regarding ductile
elongation.

Moreover, as seen in Figure 2(b), global work hard-
ening rates were also affected by hydrogen. The stacking
fault energy (SFE) of the CoCrFeMnNi is a critical fac-
tor affecting the mechanical properties [22–24] because
the deformation twinning induced at elevated disloca-
tion density stages can significantly enhance the work
hardening capability. Notably, the DCT-H sample fea-
tures two distinct inflections, indicating the activation of
sequential deformation mechanisms. The thermal des-
orption spectroscopy (TDS) experiments were carried
out to evaluate the hydrogen content of these samples,
which indicated no significant differences in the primary
desorption behaviors. The details are presented in the
Supplementary file.
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Figure 2(c) presents a comparison between conven-
tionally forged/rolled FCC alloys [6,7,25] and L-PBF
CoCrFeMnNi HEA, aiming to explore the hydrogen
impacts of material type and manufactured status. How-
ever, the dislocation cells exhibit vulnerability to hydro-
gen embrittlement [15,26], indicating that the level of
hydrogen embrittlement resistance is below par with that
of their forged/rolled counterparts. Hydrogen embrittle-
ment manifests significantly in the AP sample that pos-
sesses inherent interior defects, leading to a pronounced
reduction in ductility [6,27,28]. From the perspective of
the capacity to resist damage from external energy [29],
as illustrated in Figure 2(d), a peak-shaped distribution
is observed between the YS and the plastic deformabil-
ity. The MAM samples emerge as a trade-off between
strength and toughness owning to their interior process-
induced defects (e.g. gas pores and solidification micro-
cracks) suffering from hydrogen embrittlement. While
the DCT sample demonstrates potential in remedying or
even enhancing mechanical performances in hydrogen-
related applications.

Figure 3 facilitates multiscale characterization of the
AP, HT, and DCT samples. Figure 3(a) presents the
inverse pole figure and kernel average misorientation
(KAM)maps of these samples in theX-Y plane. A notable
accumulation of misorientation is observed within the
melt pool center, as delineated by the KAM and mis-
orientation angle boundaries. Specifically, in the DCT
samples, the presence of twin boundaries (red line) is
distinctly visible, as also confirmed by the local misori-
entation. The average grain sizes for AP, HT, and DCT
samples are 54.45± 15.62 µm, 58.35± 16.50 µm, and
50.63± 14.32 µm, respectively. The respective fractions
of a twin boundary are 0.2%, 0.2%, and 3.0%. While the
post-treatment processes result in minor alterations in
the grain size, they do not influence the distribution of
grain size. Consequently, this work effectively excludes
effects of variations in grain size and Mn segregation
(refer to Figure 1(c)) on hydrogen resistance [30].

The ECC images in Figure 3 reveal both the evo-
lution of columnar grain structures and internal dislo-
cation cells, progressing from the surface to the center
regions. Despite the inherent heterogeneity characteris-
tic of the metallic parts [31], the HT sample demon-
strates a diminished degree of cellar dislocation entan-
glement. This reduction is attributed to recovery and
recrystallization [6,30], leading to the partial dissolution
of dislocations. In both AP and DCT samples, disloca-
tions appeared as high-energy-state cells and manifested
as intricate networks, with the DCT sample exhibiting
more elongated and thinner grains. The variations in the
structural adaptation of the grain boundary and dislo-
cation cells are driven by substantial misorientation and

crystalline defects [32], further driven by mechanisms
of hydrogen trapping and diffusion [33,34] across micro
and nano scales [35].

Figure 4 presents the ECC images of the deformed
microstructure of L-PBF CoCrFeMnNi HEA samples
subjected to hydrogen charging, particularly near the
necking region, observed in the cross-sectional (X-Z
plane) view. Due to the inherently limited hydrogen
diffusivity in the FCC alloys facilitated by the electro-
chemical hydrogen charging [7,36,37], hydrogen pene-
tration is predominantly superficial, leading to a bifur-
cation into two distinct zones: the hydrogen-affected
(H-affected) zone near the surface and the less affected
(less-H-affected) zone at the center. As provided in the
Supplementary file, the deformed AP and DCT samples
in a hydrogen-free state also show the dislocation cells
and column grains near the fracture area. However, the
twins cannot be observed for these counterparts.

As shown in Figure 4(a–c), the deformed microstruc-
tures in the H-affected zone of the AP, HT, and DCT
samples present a high density of dislocations with the
observed unidirectional slip traces. The critical tensile
stress required to initiate deformation twinning typi-
cally ranges between 720 and 750 MPa, as reported by
existing literature [23,38,39]. However, the SFE, a key
factor influencing the onset of twinning, varies under
diverse microstructural conditions [20,40,41]. Near the
surface H-affected zone, where the hydrogen concentra-
tion is notably high, the local SFE is reduced [40], thereby
inversely promoting a higher concentration and com-
patibility of hydrogen [20,41] as well as the formation
of nanotwins [22,42–44] during low strain rate tensile
deformation. Consequently, the occurrence of a turn-up
trend in the tensile curve, as expected, is observed in
Figure 2(b) at ∼7% true strain. Intriguingly, two distinct
peak shapes are observed in the DCT sample. The latter
turn-up trend at ∼13% true strain can be attributed to
the interaction of nanotwins induced by residual stress
and plastic deformation. Information regarding resid-
ual stress developed in the AP, HT, and DCT samples is
detailed in the Supplementary file. Conversely, the lim-
ited diffusivity of hydrogen hinders its migration toward
the center of the sample via cathodic hydrogen charging
[45,46]. This effectively inhibited the twinning ability in
the AP sample.

Upon undergoing heat treatment and hydrogen
charge, the HT sample exhibits a bifurcated mechani-
cal behavior characterized by a notable decrease in yield
strength alongside a resistance to toughness loss com-
pared with the AP sample. In FCC alloys with high Mn
content, the interaction between hydrogen and Mn cat-
alyzes hydrogen-related plastic slip, which induces brit-
tle fracture on the surface of the MAM matrix [30].
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Figure 3. Grain morphology, boundary, and KAM in the X-Y plane by EBSD maps of H-free samples: (a) AP, (b) HT, and (c) DCT. The ECC
images showmore spidery columnar grains produced by DCT, not seen in AP and HT, in the X-Z plane. L/HAGB and TB stand for low/high
angle grain boundary and twin boundary, respectively.

This HT process helps absorb partial high-density cel-
lular dislocations in the laser-based MAMCoCrFeMnNi
matrix to reduce residual stress [27] and enable a more
uniform distribution of elements [33]. This simultane-
ously hinders the genesis of microcracks and curtails the
rapid diffusion of hydrogen or hydrogen-vacancy inter-
action [25], a phenomenon largely facilitated by the Mn-
hydrogen reaction [26]. The resilience of theDCT sample

stems from their high surface separation energy, marked
coherency, and low hydrogen solubility, collectively trig-
gering hydrogen-enhanced local plasticity [36,47]. The
presence of nanotwins in the DCT sample enhances local
strengthening by the aggregation of hydrogen through
impeded diffusion [20,48], thereby elevating the energy
threshold required for hydrogen desorption and inhibit-
ing the initiation and propagation of hydrogen-induced
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Figure 4. ECC images of surface and center areas of samples near the fracture area in the X-Z plane of deformed specimens: (a) AP-H,
(b) HT-H, and (c) DCT-H. The yellow arrows indicate nano-sized deformation twins.

cracks and even fractures. Such enhancements are instru-
mental in alleviating the detrimental influence, thus
providing substantial protection against the deleterious
effects of hydrogen [49].

Figure 5(a–c) displays the fractography of the
hydrogen-charged samples. Figure 5(a1, b1, c1) indi-
cate overall fractography, and Figure 5(a2-3, b2-3, c2-3),
Figure 5(a4-5, b4-5, c4-5) show detailed fracture plane
of the surface and center regions, respectively. Note that
the MAM-processed CoCrFeMnNi, as shown in Figure
1(b), contains inherent defects such as gas pores and
micro-cracks in the AP sample. These defects serve as
focal points for hydrogen and can be sources for crack
propagation. Due to interaction with hydrogen, super-
imposed surface cracks easily form at a slow strain rate
[19], aligning with the limited hydrogen diffusion in the
CoCrFeMnNi HEA [6,7,25]. The concentration of cleav-
age failure in the surface area is due to the impact of
hydrogen intrusion (refer to Figure 5(a2, b2, and c2)), and

the decrease in the area of cleavage failure in the post-
processed specimens is associated with the improved
hydrogen embrittlement susceptibility, as indicated in
Figure 2(a). Despite these tendencies, all the hydrogen-
charged samples exhibit the presence of ductile dimples
in the center of the fracture surface, as displayed in
Figure 5(a4, b4, and c4). These dimple formations, along
with cracks, are primarily observed in the center region.
The reduction of initial defects following post-processing
potentially contributes to the high elongation, as magni-
fied in Figure 5(a5, b5, and c5), indicating a noticeable
plastic deformation preceding the fracture.

Figure 5(d) schematically summarizes the mecha-
nisms of MAM-processed CoCrFeMnNi in fostering
strengths and circumventing weaknesses in ductility loss.
High-density dislocations increase the rate of hydrogen
diffusion, which induces the rapid growth of micro-
cracks along grain boundaries under tensile stress. Nev-
ertheless, HT causes grain recovery, resulting in the
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Figure 5. Fracture mechanisms of H-charged L-PBF CoCrFeMnNi HEA: (a) AP, (b) HT, and (c) DCT. Blue (surface area) indicates the H-
affected zone, and red (center area) indicates the less-H-affected zone; (d) Schematic diagram of themicrostructural evolution subjected
to post-treatments and subsequent tensile deformation after hydrogen charging.

rearrangement, absorption of high-density dislocations,
and significant reduction of strength. When the sam-
ple undergoes DCT, nanotwins are nucleated due to the
remaining driving force of the high-energy dislocation
cells and residual stress. Thus, DCT strategy ultimately
results in high strength-ductility in a manner differ-
ent from the AP and HT samples, even in the MAM-
processed defect-rich matrix subjected to hydrogen.

4. Conclusions

This work utilizes the L-PBF CoCrFeMnNi HEA as
a model material to experimentally demonstrate the
nanotwin-ability of DCT samples, further proving their

effectiveness in hydrogen embrittlement resistance. Com-
pared to AP and HT cases, this operation achieves
simultaneously several objectives through underlying
mechanisms:

• The inherent residual stress induced by the laser-
based MAM process can be redistributed through the
DCT strategy. This stress acts as the driving force for
the redistribution of dislocation, leading to a stable
microstructure;

• High-density dislocation cells and gradient-charged
hydrogen collaborate to tailor the local SFE, thereby
activating nanotwins during various tensile
deformation;
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• The presence of gradient nanotwins enhances hydro-
gen resistance by restricting hydrogen diffusion,
potentially augmenting the hydrogen desorption
energy, and suppressing the initiation and propagation
of hydrogen-induced cracks in the printedmatrix with
inherent defects.

This effective strategy promotes the mechanical prop-
erties of laser-based MAM materials, fostering strengths
and circumventing weaknesses in hydrogen-rich condi-
tions through the retention of dislocation features and
gradient nanotwins.
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