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AlCoCrFeNiy ; eutectic high-entropy alloy (HEA) was fabricated in as-cast and additively manufactured (AM)
states. The hydrogen embrittlement susceptibility of both materials was investigated through in-situ uniaxial
tensile test. Combining several advanced high-resolution scanning electron microscopy (SEM)-based techniques,
the deformation and hydrogen embrittlement behavior have been intensively discussed. Interfacial cracking
along both phase boundaries and grain boundaries are found to be responsible for the hydrogen-assisted fracture
of this material. The cracking susceptibility has a dependence on the manufactured phase morphology. The

orientation relationship between the phases and the misorientation between grains also have a significant impact

on the hydrogen-induced cracks.

1. Introduction

High-entropy alloys (HEAs) comprise multiple principal elements,
with the concentration of each element between 5 and 35 at% [1]. Such
a novel alloy design approach has resulted in several HEA systems with
extraordinary properties, such as high fracture toughness at cryogenic
temperatures [2], high strength at elevated temperatures [3] and
excellent resistance to corrosion [4], indicating the promising potentials
of the HEAs for harsh environments applications. HEAs typically crys-
tallize as face-centered cubic (FCC), body-centered cubic (BCC) or
hexagonal close packed (HCP) solid solution phases, due to their high
configuration entropy and hence the low Gibbs free energy that suppress
the formation of intermetallic phases [5-9]. As one of the most popular
FCC HEAs, the equiatomic CrMnFeCoNi alloy in the as-cast or
wrought-annealed states deforms via both dislocation motions and
nano-twinning during tensile straining, which maintains the substantial
and sustained strain hardening rate and hence leads to the excellent
ductility [2,5]. However, the tensile yield strength of FCC HEAs is often
insufficient. In contrast, BCC HEAs, often comprising large amounts of
refractory BCC metals as principal elements (e.g. W, Mo, Nb, Ta and V),
can maintain a very high strength over a wide range of temperatures,
with significant sacrifice of ductility [10]. Deviating from those
single-phase FCC or BCC HEAs, the eutectic HEAs provide the
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probability of achieving both hard and soft phases and hence the
enhanced strength-ductility synergy [11]. Till to date, several eutectic
HEAs have been designed, including AlCoCrFeNis; [12,13], AlCrFesNiy
[14], CoFeNiyVosNbg 7s [15] and AlCrCuFeNiy [16], etc. Among these
eutectic HEAs, the AlCoCrFeNiy; alloy received the most attention
which solidifies into the softer FCC/L15 plus harder BCC/B2 eutectic
structures, and the coupling effects of this eutectic structure endows the
as-cast AlCoCrFeNiy; eutectic HEA with a high strength and high
ductility [17]. Further thermo-mechanical processing can achieve
ultrafine-grained duplex and hierarchical microstructures which result
in a further enhancement of the strength-ductility synergy [18].

Furthermore, it is worth noting that additive manufacturing (AM) of
HEAs has recently attracted considerable attention worldwide [19]. In
addition to the capability of near-net-shaping of complex geometry
parts, the AM process is characterized by highly localized melting and
solidification characteristic, which facilitates the formation of extremely
non-equilibrium microstructures and may result in comparable or even
better mechanical properties as compared with the counterparts pro-
cessed by the conventional routes [20,21]. Several successful attempts
to print HEAs have been made, including CrMnFeCoNi [22,23], CrFe-
CoNi [24], AlCoCrFeNi [25,26], AlCoCrFeNiTig s [27], compositionally
graded HEAs [28,29] and laminated HEAs [30], etc.

Hydrogen embrittlement is a one-and-a-half-century-old problem
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that the hydrogen atoms in the environment may cause embrittling ef-
fects and catastrophic failure of metallic materials [31,32]. In the
literature on the hydrogen embrittlement of traditional steels and alloys,
several hydrogen embrittlement mechanisms have been proposed,
including hydrogen-enhanced localized plasticity (HELP) [33-35],
hydrogen-enhanced decohesion (HEDE) [36], hydrogen-enhanced su-
per-abundant vacancies formation [37], adsorption-induced decohesion
(AIDE) [38,39], and defect acting agent (DEFACTANT) concept [40],
etc. However, due to the complexity of the problem, these mechanisms
are not sufficient to universally explain this materials degradation
phenomenon, and several attempts by combing two or more mecha-
nisms have been proposed, such as the HELP-HEDE synergistic interplay
[41] and HELP-mediated HEDE mechanism [42]. Generally, the most
influencing factors on hydrogen embrittlement are environment, me-
chanical condition and material [43]. Therefore, high-strength materials
are critical when serving in a H-containing environment, since they may
experience a higher mechanical loading thus a higher susceptibility to
hydrogen embrittlement due to their high strength. Among the
high-strength materials, HEAs share a large portion owing to their rapid
development. Recently, the mechanical behavior of the HEAs in the
presence of hydrogen atoms has attracted increasing attention [44-47].

Despite the intensive research on hydrogen embrittlement in tradi-
tional alloys and a few recent studies on hydrogen embrittlement in FCC
and BCC HEAs, the investigation on the effect of hydrogen on the me-
chanical behavior of eutectic HEAs is rather rare. In contrast to the
hydrogen embrittlement of those single-phase FCC and BCC HEAs, the
hydrogen embrittlement response of eutectic HEAs is more complex in
view of distinct phases with different hydrogen diffusivity, different
hydrogen solubility and thus different hydrogen response. When it
comes to the eutectic HEA produced by AM techniques, the micro-
structural complexity generated during the unique processing routes
makes the hydrogen embrittlement problem even more knotty.

Thus, in the current study, the AlCoCrFeNi, ; eutectic HEA is used as
a platform to study the hydrogen embrittlement behavior in this field,
which will provide understanding the hydrogen embrittlement effects in
more complex HEAs rather than those single-phase FCC or BCC HEAs.
Both conventional casting and AM processes are used to process the
AlCoCrFeNiy ; eutectic HEA. The current study aims to investigate the
hydrogen embrittlement behavior of AlCoCrFeNip; eutectic high-
entropy alloy produced by AM. Pre-charged specimens as well as non-
charged specimens are tested via small-scale in-situ tensile testing in a
scanning electron microscope (SEM). Post-mortem characterizations
including detailed fractography, electron backscatter diffraction (EBSD)
and electron channeling contrast imaging (ECCI) are utilized to reveal
the deformation and fracture performance. Thermal desorption spec-
troscopy (TDS) and finite element analysis (FEA) are adopted to un-
derstand the hydrogen uptake and distribution in the materials.
Specimens from the as-cast material are also tested in the same sense to
study the effect of microstructure in the hydrogen embrittlement per-
formance of the investigated eutectic HEA. This study will deliver some
basic inputs for further microstructural design of this eutectic HEA when
severing in a H-containing environment.

2. Materials and experimental

Laser engineered net shaping (LENS™), a typical metal AM process,
was used to process the AlCoCrFeNi, ; eutectic HEA. The LENS™ pro-
cess produces metal parts by feeding powdered materials, with the aid of
flowing argon gas, into a melt pool which is generated by a high-
powered laser. The AlCoCrFeNiy ; prealloyed powder was prepared by
plasma rotating electrode process (PREP), with the nominal composition
of 16.39A1-16.39C0-16.39Cr-16.39Fe-34.43Ni (at%). A series of control
experiments were performed at various laser powers, scan speeds, and
hatch spacings. Based on the minimum defects, the following printing
parameters were used to build the tensile specimen, i.e. a laser power of
400 W, scan speed of 5 mm/s, and a hatch spacing of 460 um. The laser
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was scanned in a bi-directional and cross-hatched (i.e., a 90° rotation of
the scan direction between successive layers) way, and such a scan
strategy helps reduce the residual stress locked in the tensile specimen.
Furthermore, the whole build process was performed in an enclosed
chamber with oxygen content of below 20 ppm to minimize any po-
tential oxidation.

It is worth noting that the eutectic structure in the currently studied
alloy has been described in literature as FCC + B2 phases [48,49] or L15
+ B2 phases [50]. In some literature the B2 phase was also described as a
BCC phase [51]. The essential difference between these phases is that
L1, and B2 phases are ordered phases with alternating atoms occupying
different atomic sites, while FCC and BCC phases are disordered state
with atoms equally occupying different atomic sites. The symmetry,
however, remains almost the same between L1, and FCC or between B2
and BCC. Nevertheless, the ordering of the phases is not a focus of the
current study, and differentiating the accurate symmetry does not
contribute essentially to the hydrogen embrittlement behavior. There-
fore, the phases in the current study are described as FCC/L1, and
BCC/B2 hereafter to avoid controversy.

The specimens were cut by electron discharge machining (EDM) into
a dog-bone shaped geometry with a gauge region of ~2.75 x 10 x 1
mm?. The tensile specimens were prepared by grinding up to 4000 grit
grinding paper followed by electropolishing in a HySO4-methanol elec-
trolyte. This electrolyte has been proven to provide good surface quality
without residual strain from grinding in various materials such as ferritic
silicon steel [52] and Ni and its alloys [53,54]. Due to the error in the
machining process and the sample preparation, the dimension was
measured individually before each tensile test started.

Hydrogen was pre-charged by electrochemical method using a
glycerol-based electrolyte containing 600 g borax (sodium tetraborate
decahydrate) dissolved into 1 L glycerol, plus 20 vol% distilled water
and 0.002 M NayS,03 as poison to enhance the conductivity and pro-
mote hydrogen absorption [55]. This electrolyte has the advantage of
preserving the surface integrity during the charging due to its low sol-
ubility of oxygen. A platinum net was used as the counter electrode and
Ag/AgCl was used as the reference electrode. Together with the spec-
imen as the working electrode, a typical three-electrode electrochemical
system was thus formed. The polarization curves of the studied materials
are measured with the cell with a scan rate of 2 mV/s from —
3500-2500 mV (the potential value is reported with reference to
Ag/AgCl hereafter) and can be found in the supplementary information.
Galvanostatic condition was applied with the potentiostat for cathodic
H-charging. The current density was controlled — 10 mA/cm?, corre-
sponding to a cathodic polarization potential of approx. — 2500 mV. The
temperature of the electrolyte was controlled at 60 °C throughout the
whole charging period of 50 h. After the electrochemical H-charging, the
specimens were washed with distilled water and ethanol, then dried by
circulating airflow. The dwell time between the end of H-charging and
the start of the following testing was controlled to less than 5 min to
minimize the hydrogen outgassing. It is worth noting that some surfaces
changes can be induced solely by cathodic H-charging in some materials,
e.g. surface cracks in Ni-based alloy 718 [54], surface steps in CoCr-
FeMnNi HEA [56] and martensitic transformation in Fe-30Mn-10-
Co-10Cr-0.5 C (at%) HEA [57]. While in the current study, the
specimens did not show significant change in the surface integrity after
the cathodic H-charging, and thus the behavior of materials observed in
this work is categorized as the hydrogen-material interaction during
deformation.

TDS was conducted on the H-charged materials to determine the
hydrogen content and desorption behavior in the materials. The tests
were conducted by a Bruker G4 PHONIX DH analyzer with a mass
spectroscopy detector (ESD 100, InProcess Instruments, Germany) at a
heating rate of 30 K/min from 25 °C to 650 °C. The dwell time between
the end of H-charging and the start of the TDS tests was controlled to less
than 5 min, similar to the case for tensile testing. Moreover, finite
element method simulation was exploited to investigate hydrogen
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diffusion process in both alloys (see supplementary information). The
hydrogen contents were measured as 9.26 wppm and 12.03 wppm for
the as-cast and AM materials, respectively, for the studied charging
conditions.

The uniaxial tensile tests were performed on a tensile/compression
module (Kammrath & Weiss GmbH, Germany) inside a Quanta 650 field
emission gun (FEG) environmental scanning electron microscope
(ESEM, Thermo Fisher Scientific Inc., USA). The tensile tests were
conducted at room temperature with a constant displacement rate of 0.5
pm/s (corresponding to an initial nominal strain rate of ~5 x107>s™1).
For in-situ imaging, an accelerating voltage of 20 kV was applied with an
aperture of 30 um and a spot size of 3.0. To characterize the micro-
structure, EBSD was conducted at an accelerating voltage of 20 kV,
aperture of 100 um and spot size of 4.0 at a working distance of about 17
mm. Additionally, ECCI was conducted at an accelerating voltage of
20-30 kV, aperture of 30 um and spot size of 3.0 at a working distance of
about 7 mm. The specimen was tilted to meet the two-beam diffraction
condition in order to image crystallographic defects such as dislocations
and stacking faults. More theoretical background regarding ECCI can be
found in Ref. [58].

3. Results
3.1. Initial microstructure

Fig. 1 shows the microstructure of the as-received materials in as-cast
state and AM state. The as-cast material has coarse solidification struc-
ture revealed as eutectic lamellae (width ~5 um as shown in Fig. 1a and
b) and large grain size (coarser than 500 pm1 ). Inside the FCC/L15 phase,
residual dislocations (residual deformation) can be clearly observed that
are straightly aligned along specific crystallographic planes (dashed
lines in Fig. 1b). In contrast, the AM material shows much finer lamellae
(width ~0.1 pm for B2/BCC and ~0.2 pym for FCC/L13) and smaller
grain size (~10 pm), and the FCC/L1;, phase shows a rather low dislo-
cation density. Stacking faults can also be seen in the FCC/L1, phase of
the AM specimen, but not in that of the as-cast specimen. The ultra-fine
lamellae of the AM-ed specimens are attributed to the ultra-high cooling
rate intrinsic to the LENS™ process, which was estimated to be the order
of 10°-10% K/s [59,60].

3.2. Mechanical performance

Fig. 2 shows the stress — strain curves from the in-situ uniaxial tensile
tests. Clearly, the AM specimens showed higher strengths (both yield
strength and ultimate tensile strength/ UTS) than the as-cast specimens.
The yield strength increased from ~480 MPa (as-cast state) to
~820 MPa (AM state). No clear difference in yield strength can be seen
between the H-free and H-charged specimens in both states. All the
specimens showed strain hardening followed by sudden failure. No
significant necking can be observed from the stress — strain curves, and
therefore the ultimate tensile strength can be read from the stress level
right before the failure, which is consistent with the cases of the same
alloy system in literature [48]. For the as-cast state, the UTS decreased
from 1007 MPa to 959 MPa (by ~5%) after H-charging; while for the
AM state, it decreased from 1214 MPa to 1126 MPa (by ~7%) after
H-charging. The elongation to failure with respect to the original gauge
length (i.e. nominal strain to failure) was also changed significantly
upon H-charging. For the as-cast state, the change was from 19.4% to
15.6%, and for the AM state it changed from 10.1% to 6.8%. The
hydrogen embrittlement factor (EF) has been often used to describe the

! Due to the limited imaging size and the purpose of showing the eutectic
lamellar structure, Fig. 1a was taken inside a single grain and thus the grain size
cannot be estimated from this figure. The coarse grain size has been determined
by large-area EBSD scans, which are not shown in the paper.
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susceptibility of H-induced elongation/ strain loss [61] and is defined as
Eq. 1, where ey_chargea andep_ge. denote the strain to failure of the
H-charged and H-free specimens, respectively. From the data, the as-cast
material has an EFof 19.6% while that of the AM material is 32.7%,
which means that the AM material is more susceptible to hydrogen
embrittlement than the as-cast material in the current testing conditions.
The properties are summarized in Table 1.

EF — <1 —M> % 100% 1)

EH—free
3.3. Fractography

Fig. 3 shows the overview fractographs of the tested eutectic HEA
specimens at relatively lower magnifications. In the as-cast state, the H-
free specimen shows a similar transgranular-type ductile fracture in the
overview (Fig. 3a), while the H-charged specimen shows some clear
brittle features in the areas close to the specimen surface, as indicated by
the white dashed lines in Fig. 3b. In the AM state, both the H-free and the
H-charged specimens show brittle-like features in the overview (Fig. 3¢
& d), and more detailed views are presented at higher magnifications in
Fig. 4 and Fig. 5. It is worth noting that the AM specimen has a globally
brittle-like fracture surface regardless of H-charging, and therefore the
H-induced brittle region and the corresponding influence depth cannot
be easily defined from the fractography. Fig. 4 shows the fracture fea-
tures of the H-free specimens. The as-cast specimen showed a mixed
fracture type of both ductile dimples (Fig. 4a) and the so-called
“herringbone” structure in the intra-dimple region (Fig. 4b). The
“herringbone” structure is believed to be resulted from fracture along
well-defined crystallographic planes (crack growth along <110 > di-
rections on {001} planes in BCC structures) and related to the micro-
plastic deformation as well as local dislocation arrangement in the crack
region [62]. The AM specimen shows primarily faceted brittle-like
fracture patterns with ductile dimples in a comparable size with the
brittle-like facets (Fig. 4c). When looking into the facets, some “tree-r-
ing” structures can be seen obviously (Fig. 4d). After hydrogenation,
substantial difference can be found in the fractographic features. In the
as-cast specimen, some quasi-cleavage features can be found close to the
surface of the specimen, as shown in Fig. 5a. Further away from the
surface, the features change gradually from quasi-cleavage to large
dimples, and the size of dimples becomes smaller when further into the
center of the specimen. When observed at a higher magnification, the
large dimples in the H-charged as-cast specimen show a mixed feature of
dimple boundaries formed by shearing and intragranular secondary
cracks in the intra-dimple regions (Fig. 5b), which are missing in the
H-free specimens (Fig. 4a and b). Some slip lines can also be observed in
the intra-dimple regions accompanying the secondary cracks, though
not very drastically. The AM specimen shows pure faceted fracture
feature, and no significant transition can be extracted when observing
along the thickness direction (Fig. 5c¢). The whole fracture surface,
however, seems to be more flat than that of the H-free specimen. At a
higher magnification, straight slip lines can be observed on the flat
faceted fracture surface (Fig. 5d), in contrast to the curved slip lines in
the H-free case (Fig. 4d). It needs to mention that the phases in the
fractography was determined based on the morphology taken from
top-surface investigations, the phase fraction, and the different fracture
behavior (cf. characterization results in the following sections).

3.4. Surface cracks

From the in-situ videos of the tensile testing (see supplementary
files), the major divergence in the H-charged specimens is the appear-
ance of a large amount of surface cracks after the material yields. Fig. 6
shows a collection of the surface cracks in H-charged specimens in both
as-cast state and AM state. In the as-cast specimen, a clear phenomenon
is that the FCC/L1, phase has been more drastically deformed with
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Fig. 2. Stress vs. strain curves from the uniaxial tensile tests.
Table 1
Mechanical properties from the in-situ tensile testing.
Specimen As-cast AM
Testing condition H-free H-charged H-free H-charged
Yield strength/ MPa 480 480 (-) 820 820 (-)
Ultimate tensile strength/ MPa 1007 959 (15%) 1214 1126 (17%)
Strain to failure/ % 19.4 15.6 10.1 6.8
Embrittlement factor 19.6% 32.7%
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FCC/L12

Fig. 3. Overview fractographs of the tested specimens: a. as-cast, H-free; b. as-
cast, H-charged; c. AM, H-free; d. AM, H-charged. The scale bars in the figures
indicate 1 mm.

evident slip traces on the surface, and the surface cracks seem to be
initiated in the BCC/B2 phase and propagated along the phase bound-
aries (PBs) or slip traces (Fig. 6a and b). In the AM specimen, in the same
way, most of the surface cracks can be found in the BCC/B2 phase, and
the propagation follows the PBs between the FCC/L1,-BCC/B2 phases
(Fig. 6¢ and d).
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Fig. 4. Detailed fractographs of the tested specimens (H-free): a&b. as-cast; c&d. AM. The white arrows in b indicate the “herringbone” structure. The highlighted
regions by dashed lines and arrows in c indicate ductile dimples. The marks in d indicate the “tree-ring” structure.
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Fig. 5. Detailed fractographs of the tested specimens (H-charged): a&b. as-cast; c&d. AM.

3.5. Microstructure evolution

Fig. 7 shows the deformation structure of the AM specimen after
tensile test. The dislocation density has increased in both the H-free and
the H-charged specimens in comparison with the initial microstructure
in Fig. 1d. Stacking faults also increased the amount, and nano-twin
started to appear in both specimens. Newly formed dislocation loops
can be captured in the H-free specimen (Fig. 7b). A unique feature
observed in the H-charged specimen is the surface crack, as indicated by
the dotted lines in Fig. 7c. A deformation-concentrated zone can be
documented close to the surface crack.

3.6. Hydrogen diffusion

The hydrogen content and desorption behavior of the investigated
eutectic HEA were studied via TDS measurements. The measured
hydrogen contents are 9.26 wppm and 12.03 wppm for the as-cast and
AM materials, respectively, after 50 h H-charging. To estimate the
hydrogen distribution in the bulk material, a “thick-plate model” (i.e.
semi-infinite assumption) was adopted for showing the case that
external hydrogen slowly diffuses into a thick wall or pipe section [63].
The hydrogen concentration can be described by the following mathe-
matical expressions:
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Fig. 7. ECC images on the deformation microstructure of the AM eutectic HEA specimens after tensile test: a&b. H-free; c&d. H-charged. “D. loop” stands for

dislocation loop. The global tensile direction is horizontal.

Cx,t)=Co _ ( X )

7@ o 1—erf 7\/@ (2)

where

erf(u) *l uex (—uz)du and u*L 3
N \/ﬁ 0 P B \/4Dt

In Eq. 2 and Eq. 3, xis the distance to the surface of the specimen; t is
the time of the H-charging; and thus C(x, t) denotes the hydrogen con-
centration at the distance x inside the material after t time of charging.
C, is the initial bulk hydrogen concentration, which is assumed to be 0 in

the current study. C; is the constant surface hydrogen concentration as
assumed in the thick-plate model. Dis the diffusivity of hydrogen in the
material. A recent study by Turk et al. [64] has shown that when
multi-phases are presented in an alloy, the effective hydrogen diffusivity
becomes heavily dependent on the morphology of the phases and the
conditions of the interfaces, and the assumption of negligible concen-
tration gradient in the fast-diffusion phase (i.e. ferrite in the dual-phase
steel in Ref. [64] or the BCC/B2 phase in the current study) is a poor
approach. Unfortunately, to the best of the authors’ knowledge, due to
the lack of studies and the complexity of the microstructure, the accurate
hydrogen diffusivity is not available in literature yet. However, another
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recent study on a duplex stainless steel [65] shows that the apparent
hydrogen diffusivity in the equi-volumeric ferrite-austenite dual-phase
matrix is in the order of 107> m?/s by using finite element method.
Considering the volume fractions of the FCC/L1, (~65%) and BCC/B2
phases (~35%) [50,66] in the studied alloy, an effective diffusivity is
assumed to be in the order of 10> m?/s (after considering the charging
temperature at 60 °C). Therefore, the hydrogen concentration profile
can be calculated. Based on this calculation, most of the hydrogen is
accumulated in the first ~50 um immediately below the surface of the
specimen. (see supplementary information).

3.7. Post-deformation EBSD characterization of the AM specimens

EBSD was performed on the deformed AM specimens for deeper
analysis of the deformation behavior, cracking behavior, and boundary
characteristics. Fig. 8 presents the EBSD maps of the failed AM speci-
mens in both H-free and H-charged cases. In the H-free case, no surface
cracks can be found, while surface cracks can be clearly seen along PBs
or GBs in the H-charged AM specimen. Fig. 9 shows the IPF-Z map, phase
map, and selected pole figures of the AM specimen for orientation
relationship determination between the FCC/L15 and the BCC/B2 pha-
ses. From the pole figures, the {110} and {111} poles of the FCC/L15
phase are overlapping with the {111} and {110} poles of the neigh-
boring BCC/B2 phase, corresponding to the Kudjumov-Sachs (K-S)-type
orientation relationship. Fig. 10 shows two typical areas showing sur-
face cracks of the tensile-deformed H-charged AM specimen in terms of
IPF-Z maps. The crystallographic properties of these surface cracks are
further analyzed and discussed in Section 4.3.

. 4
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4. Discussion
4.1. Deformation and fracture behavior of the eutectic HEA

Apparently, the studied eutectic HEA shows valuable mechanical
properties both in the as-cast (yielding at ~480 MPa, UTS at
~1007 MPa and failure at ~25.9% elongation) and AM states (yielding
at ~820 MPa, UTS at ~1214 MPa and failure at ~13.5% elongation)
when hydrogen is absent. Several reasons can be attributed to this
excellent properties combination. The eutectic HEA has a heterogeneous
microstructure consisting of a relatively soft FCC/L1, phase and a
relatively hard BCC/B2 phase. It is reasonable to speculate that the soft
FCC/L1, phase yields earlier upon loading, than the BCC/B2 phase. The
mechanical incompatibility between the two phases can result in a strain
gradient and thus needs extra geometrically necessary dislocations
(GNDs) to accommodate the deformation at the boundaries. The GND
pile-up at the PBs will consequently create a long-range back-stress, and
thus causing the so-called back-stress strengthening [49,67]. This
strengthening mechanism can also prevent strain localization (necking)
and thus increasing the ductility. Comparing the microstructures of the
studied materials in both as-cast and AM states, that of the AM state has
much finer lamellae and fine grains, while the as-cast state has coarse
lamellae and coarse grains (see Fig. 1). Therefore, apart from the con-
ventional strengthening mechanism of grain refinement, it is reasonable
to think that the back-stress strengthening contributes to the higher
strength and decent ductility of the AM eutectic HEA. Furthermore, the
semi-coherent PBs between the phases [68] and solid solution and
precipitates hardening [68] in the respective phase constituents have
also been uncovered in literature. In the FCC/L1, phase of the AM
specimen, the dominant deformation mechanisms are (planar) disloca-
tion glide and stacking faults as can be seen in Fig. 7a and b, and a

FCC/L1,
BCC/B2

{
N
Secondary cracks *Il,'

;ll

~
U
-

Fig. 8. EBSD maps of the tensile-deformed AM specimens. a-c. from the H-free specimen; d-f. from the H-charged specimen. a&d. IPF-Z map; b&e. phase map; c&f.

KAM map. The global tensile direction is horizontal.
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Fig. 9. Orientation relationship determination in the AM specimen: a. IPF-Z map; b. phase map; c. pole figures showing the poles from the highlighted points in a.
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Fig. 10. EBSD IPF-Z maps of the tensile-deformed H-charged AM specimens in two areas with surface cracks. The corresponding misorientation has been marked

across the cracks.

relatively higher dislocation density can be seen close to the PBs, which
is in agreement with the results from literature [48,68] and in line with
the back-stress strengthening mechanism mentioned above. It is also
clear in the supplementary video (EHEA as-cast H-free.mp4) that the
FCC/L1, phase showed the slip lines have a single dominant direction,
and the second slip line direction appeared only shortly before the final
fracture, confirming the planar slip characteristics of the FCC/L15 phase
in this alloy. In the BCC/B2 phase of the AM specimen, only dislocations
are found, with occurrence of their being pinned by nano-precipitates
[68].

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2021.110007.

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2021.110007.

Supplementary material related to this article can be found online at

d0i:10.1016/j.corsci.2021.110007.

Supplementary material related to this article can be found online at
doi:10.1016/j.corsci.2021.110007.

Based on the stress-strain curves in Fig. 2, the current alloy does not
have a good resistance to crack growth as soon as the UTS has been
exceeded upon loading. All the tested cases showed sudden failures, as
can also be indicated in the supplementary videos. From the fracto-
graphs, one can see that for the H-free case, the FCC/L1; phase mainly
shows ductile fracture behavior such as dimples or tearing ridges
(Fig. 4), but the BCC/B2 phase fails with a brittle-like manner in the
form of “herringbone” and faceted fracture features. From Fig. 4b and d,
the fracture in the BCC/B2 phase seems to initiate from one interface
connecting the FCC/L1, phase and then propagated through the whole
BCC/B2 phase, forming either river patterns (or “herringbones”) or the
“tree-ring” patterns. This implies that the stress accumulated at the PBs
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could have initiated cracking in the BCC/B2 phase as it is less ductile
than the FCC/L15 phase. When the BCC/B2 phase fails, the stress will be
taken over by the softer FCC/L1, phase. This high stress level rapidly
makes local necking happening in the FCC/L1; phase, thus leading to a
sudden failure of the whole specimen. An interesting fact is that the
FCC/L1, phase sometimes forms only tearing ridges but not dimples,
which happens in the as-cast specimen with coarse grain and phase sizes
(Fig. 4b). This could possibly be explained as below. After the failure of
the brittle BCC/B2 phase, the stress is first transferred to the PB of the
FCC/L1, grain, and the dislocation slip starts from the boundary and
propagates inwards. Due to the coarse size of the phases, there is a stress
gradient between the edge and the center of the FCC/L1,-phased grain,

a,.
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I |
N

Morphology
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<

FCC/L1,
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and since this phase is deformed dominantly by planar slip, the defor-
mation prefers to propagate in a single direction or limited directions.
This applies also to the neighboring PBs, and therefore, the FCC/L1,
grains shear from their edges into the center and form the single tearing
ridge shown in Fig. 4b. This tear ridge — fishbone alternating fracture
mode has also been observed in the same alloy with lamellar structure
[68] and an Al-Si alloy with similar eutectic structure [69].

On the other hand, the phase morphology can be an influencing
factor of the local stress state and thus influencing the deformation and
damage mechanisms. It has recently been discovered that the lamellar
orientation in the studied alloy has a strong effect on the deformation
and fracture behavior due to the dislocation - interface interactions

33.

BCC/B2

BCC/B2
)

ﬁ
Global tensile direction

Fig. 11. Representative cases showing the phase morphology dependence of the deformation and crack initiation. a;-as: representative phase morphology; b;-bs:
exemplary SEM images of the as-cast specimen; c;-c3: exemplary SEM images of the AM specimen. The global tensile direction is horizontal.
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[70]. Fig. 11 summarizes three typical morphologies with the defor-
mation and cracking examples in the studied alloy both in as-cast and
AM states. When the phases are roughly parallel to the tensile direction,
both the as-cast and the AM specimens show crack initiation in the
BCC/B2 phase and propagation perpendicular to the loading direction
(Fig. 11 by and ¢;). This is in line with the fact that the BCC/B2 phase has
a lower ductility in comparison with the FCC/Ll, phase. When the
phases are roughly along 45° to the tensile direction, the crack initiates
from the PBs and propagates either along the PB or along the shearing
direction in the BCC/B2 phase of the as-cast specimen (Fig. 11 by). While
in the AM state, a clear deformation accumulation can be seen in the
FCC/L1, phase towards the BCC/B2 phase, and the deformation is
stopped by the grain boundary (GB), but no significant crack initiation is
observed (Fig. 11 cp). When the phases are close to the perpendicular
direction to the tensile direction, both the as-cast and the AM specimens
show crack propagation along PBs (Figure 11bs and c3).

4.2. Hydrogen diffusion in the eutectic HEA

Due to the complex microstructure of the investigated eutectic HEA,
a simple number of the hydrogen content is not enough to describe the
scenario in the material, and therefore, the combination of TDS mea-
surement and FEA diffusion analysis (see the supplementary informa-
tion) was adopted in the current work to interpret the hydrogen
diffusion behavior. From the results, the AM material contained a larger
amount of hydrogen (12.03 wppm) than the as-cast material (9.26
wppm) by about 30%. According to a study by scanning Kelvin probe
force microscopy (SKPFM), hydrogen prefers to be trapped at PBs be-
tween y-austenite and strain-induced o’-martensite in a deformed 316 L
austenitic steel [71]. Since the phase structure in the current eutectic
HEA is similar as a combination of y-austenite and a-ferrite or
o’-martensite, it is reasonable to consider the PBs in the eutectic HEA are
favorable hydrogen trapping sites. Therefore, the larger amount of PBs
in the AM state naturally explained the stronger hydrogen trapping ef-
fect and the higher amount of hydrogen detected by TDS.

Owing to the sharp difference between the hydrogen behavior in the
FCC/L1; phase and in the BCC/B2 phase, the final hydrogen distribution
in the material is extremely inhomogeneous. The simulation results
provide some evidence for the inhomogeneous hydrogen distribution
and trapping. Locally, the FCC/L1, phase was not saturated while the
BCC/B2 phase can be supersaturated. Therefore, the PBs can be the
location with intense hydrogen concentration gradient and ideal for
hydrogen trapping [72]. The different diffusion length between the
as-cast microstructure and the AM microstructure should be resulted
from the different amount of PBs on the diffusion path as they can act as
hydrogen trapping sites and obstacles for hydrogen diffusion [73]. In the
as-cast microstructure, the PBs are more or less homogeneously
distributed without a significantly preferred orientation profile and thus
the diffusion paths are similar when changing the diffusion directions,
but the AM microstructure has distinct lamellar structure that has less
PBs along the lamellae and more PBs across the lamellae. When diffusing
along the lamellar direction, the hydrogen encounters weaker trapping
by the PBs and thus diffuses further, and vice versa. This explains the
different scenarios of the austenitic phases in the FEA analysis (see
supplementary information). For the ferritic phase, the difference is not
as distinguishable as the austenitic phase, probably because of the high
hydrogen diffusivity and the low hydrogen solubility. Additionally, the
difference in the amount of PBs gives a hint on the different embrittle-
ment factor between the as-cast and the AM specimens: more PBs trap
more hydrogen and thus making the specimen becomes more prone to
H-induced effects.

Apart from the hydrogen trapping at boundaries, a higher strength
level can also contribute to the hydrogen embrittlement susceptibility. It
has been in-situ confirmed that hydrogen prefers to migrate to the region
under higher stress level via the Gorsky effect [74]. In the current study,
the AM specimen has a larger amount of boundaries as well as a higher
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strength level than the as-cast specimen. Therefore, the hydrogen can
more easily follow the stress field in the stronger AM specimen and cause
a more severe hydrogen embrittlement susceptibility.

4.3. Hydrogen influence on the deformation of the AM eutectic HEA

The studied alloy in both as-cast and AM states showed occurrence of
secondary surface cracks during tensile deformation, especially in the
later stage of the deformation (see the supplementary videos). Similar
phenomena have been observed by the current authors in a Ni-based
superalloy [54] and a twinning-induced plasticity (TWIP) steel [55]. A
closer look into the surface cracks shows that they start predominantly
along the boundaries between the FCC/L1, and the BCC/B2 phases
(Fig. 6). A detailed EBSD scan on the deformed AM specimen in Fig. 8
also confirms the findings: without H-charging, no surface cracks can be
found; after H-charging, surface cracks can be found along PBs or GBs. It
is also found that the primary direction of the surface cracks are
approximately along the {111} traces (i.e. the slip traces of the FCC/L15
crystals) of the neighboring FCC/L1, phase when the cracks are prop-
agating in a transgranular manner. When the cracks are meeting PBs, the
propagation direction can be deviated. This seems to be in-line with both
the HELP and the HEDE mechanisms. In the FCC/L1;, phase, hydrogen
localizes the deformation to limited slip systems such that local defor-
mation becomes severe and local necking + failure happens, which
leads to cracking along slip traces (the {111} traces observed in Fig. 8d).
On the other hand, hydrogen also weakens the bonding energy of the
boundaries such that when cracks are approaching, the boundaries
become more easily to be opened by the stress field associated with the
cracks. One can see both the HELP and the HEDE mechanisms are
activated in a typical manner in the current alloy. In the recent years, the
synergistic effect of different hydrogen embrittlement mechanisms has
been proposed to play an important role in the failure procedure of
materials served in a H-containing environment. The typical ones are
HELP + HEDE synergy and HELP-mediated HEDE models [75-77].

A complexity remains here is the hydrogen embrittlement suscepti-
bility of the different types of boundaries. Based on the SEM observation
in Fig. 6, the surface cracks seem to be initiated from the BCC/B2 phase
or from the decohesion of the PBs. One reason could be that the
hydrogen trapping at PBs results from the accumulation of hydrogen
between two phases with extremely different hydrogen diffusivities and
solubilities (see the simulated scenarios in the supplementary docu-
ment). On the one hand, the less ductile BCC/B2 phase can easily be
embrittled and initiate cracks from the phase interior, which can be
correlated with the quasi-cleavage fracture in Fig. 5a and the intra-
granular cracks in Fig. 5b; on the other hand, the PBs can also be
embrittled based on the HEDE mechanism, which can explain the
interfacial cracking generally observed on the surfaces (Fig. 6). How-
ever, the GBs can also play an important role in the hydrogen embrit-
tlement behavior. It has been reported that hydrogen can be trapped at
GBs results from the hindering effect of the boundaries and the
mismatch between the diffusivities of different crystallographic orien-
tations [78]. It can be taken into consideration that during deformation,
dislocations cannot easily pass the GBs due to the lattice mismatch, and
thus piling up at the boundaries. Generally dislocations are recognized
as hydrogen trapping sites and can induce hydrogen embrittlement in
the material [61]. The H-trapped dislocation pile-ups at the GBs can be
considered as responsible for the GB-type cracking.

It has been reported that the investigated eutectic HEA can have a
Kudjumov-Sachs (K-S)-type orientation relationship (OR) between the
FCC/L1, and the BCC/B2 phases based on the diffraction analysis in
transmission electron microscope [79]. Fig. 9 shows the OR determi-
nation by EBSD in the AM eutectic HEA. The OR shows roughly
< 110 >pcc//< 111 >pcc and {111}pcc//{110}pcc, which is in agree-
ment with the K-S-type OR. As is known, < 110 > is the dislocation slip
direction in FCC structures and < 111 > in BCC structures. The K-S OR
can help dislocations passing through the PB or emitting from the PB in
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the dual-phase microstructures such as the investigated eutectic HEA
[70]. Furthermore, a < 110 >pcc//< 100 >pcc-type OR can also be
noticed as shown in Fig. 9c. It can be speculated that the dislocations slip
along the < 110 > directions in the FCC/L1, phase, and are stopped by
the PB with the < 100 > direction continuing in the BCC/B2 phase. First
of all, the dislocation — PB interaction can create a locally high stress
field when the dislocations cannot easily pass through the boundary, and
cause local deformation in the neighboring phase/ grain. This can
probably be the cause of the “herring-bone” fracture features in Fig. 4b
where cleavage-type can be noted in the BCC/B2 phase. Secondly, the
locally accumulated hydrogen at the PB can cause a weakening of the PB
cohesion energy due to the HEDE mechanism. Finally, the {100} planes
cleave more easily from the combination of high stress by dislocations
and weak cohesion by hydrogen and leave the brittle fracture features in
the BCC/B2 phase in Fig. 5. In Addition, the straight slip lines observed
on the fracture surface the FCC/L15 phase also give a hint towards the
assumption of dislocation-PB interaction.

To find the crystallographic properties of the H-induced surface
cracks, EBSD has been further performed in selected areas with the
cracks. Fig. 10 shows two exemplary areas with the misorientation in-
formation summarized in Table 2. Among the 12 cracks analyzed, 10 of
them (~83.3%) can be recognized as random high-angle grain bound-
aries (HAGBs, misorientation>15°) without noticeable coincident site
lattice (CSL) relationships, and two of them are low-angle grain
boundaries (LAGBs, misorientation<15°). Furthermore, the cracked
LAGB No.7 in Areal (Fig. 10a) seems to be a linkage between the cracks
from No.4 and No.5, but not directly a H-induced cracking. Moreover,
the boundary No.2 in Area2 (Fig. 10b) is seems to result from the PB
decohesion that was influenced by the crack propagation from No.3.
Most of the surface cracks (7 out of 12, ~58.3%) are having a misori-
entation angle of about 20-30° (Table 2). Apart from No.2 in Area2,
there is hardly a perceptible trend of PB cracking in the investigated
regions. As a short conclusion, the normal HAGBs are more susceptible
to hydrogen embrittlement than the PBs in the AM eutectic HEA,
probably due to the dislocation interaction at the boundaries mentioned
above.

Without hydrogen charging, the AM specimen was mainly deformed
by dislocation slip, stacking fault and nano-twin formation. When
hydrogen has been charged into the material, the deformation mecha-
nisms did not change significantly. One observable difference is the
formation of dislocation loops. In the H-free case, some dislocation loops
are found in the FCC/L15 grains, but they are not clearly found in the H-
charged case. A possible reason is that hydrogen has an effect of
lowering the stacking fault energy of the material [80]. The perfect
dislocation loops can easily form partial dislocations, and thus full
dislocation loops are absent in the H-charged specimen. The dislocations
in the FCC/L1, phase of this material mainly slip in a planar manner.
The planar slip nature of the dislocation patterns observed in Fig. 7 (i.e.
Taylor lattice [81]) also provides proofs on lowing the stacking fault
energy by hydrogen. Furthermore, the marks on the fracture surfaces of
the FCC/L1; phase in Fig. 4d and Fig. 5d proves that the dislocations can

Table 2
Misorientation across the surface cracks in Fig. 10.
Area Crack No. Misorientation (°) Boundary Type
Area 1 1 21.9 HAGB
2 23.7 HAGB
3 29.3 HAGB
4 15.4 HAGB
5 23.7 HAGB
6 32.8 HAGB
7 1.7 LAGB
Area 2 1 23.5 HAGB
2 6.8 LAGB
3 29.8 HAGB
4 15.1 HAGB
5 22.1 HAGB
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slip in a curved way in the H-free case and form the “tree-ring” struc-
tures. After H-charging, the dislocations slip dominantly along specific
directions and form the straight marks on the fracture surface. This
dislocation behavior can be explained by the HELP mechanism that the
slip will be limited to particular directions (e.g. Ref. [35]).

Recent studies show that in multi-phase materials, both the phase
morphology [82] and the chemical variation [83] can significantly in-
fluence the mechanical performance of the material. The current study
provides a detailed analysis on the hydrogen embrittlement behavior of
AM eutectic HEA, where the boundary types are also found to be
contributing to the cracking susceptibility. It can be suggested that when
designing practical component for real-life applications in a
hydrogen-containing environment using AM technique, such behavior
should be considered for the in-service parts. Combining with AM
technique and subsequent thermo-mechanical processing, it is highly
promising to develop components with better resistance against envi-
ronmental degradation.

5. Conclusions

In the current study, the hydrogen embrittlement behavior of one
kind of AlCoCrFeNiy; eutectic HEA manufactured by AM have been
studied via small-scale in-situ tensile testing with and without cathodic
H-charging. As-cast specimens were also tested as a reference. The
deformation and fracture behavior has been investigated via SEM-based
techniques including fractography, EBSD and ECCI. The hydrogen
trapping and diffusion behavior has been studied by TDS and FEA. Some
conclusions are drawn as follows:

1. The AM eutectic HEA has a higher tensile strength but a lower
ductility than the as-cast material. The higher strength of the AM
eutectic HEA can be explained by the back-stress strengthening and
grain refinement. The failure of the specimens can be explained by
the PB decohesion and the consequential failure of the BCC/B2 phase
for both AM and as-cast states.

2. The H-charged AM eutectic HEA shows a decrease in the strain to
failure from 10.1% to 6.8% with an embrittlement factor of about
32.7%, whereas the as-cast specimen shows that from 19.4% to
15.6% with an embrittlement factor of about 19.6%. Both specimens
show a decrease in the UTS (from 1214 MPa to 1126 MPa for the AM
specimen and from 1007 MPa to 959 MPa for the as-cast specimen),
but not significantly in the YS (820 MPa for the AM specimen and
480 MPa for the as-cast specimen).

3. The H-charged specimens show surface cracks when subjected to
tensile deformation, which is absent in the H-free specimens. This
can be the reason for the decreasing UTS.

4. After the same charging sequence, a higher amount of hydrogen
(~12.03 wppm) can be detected by TDS measurement in comparison
with that of the as-cast specimen (~9.26 wppm). The finer micro-
structure and the higher density of boundaries are concluded as
contributing to the hydrogen uptake in the AM specimen.

5. Based on the FEA results, the hydrogen diffusion in the studied
eutectic HEA (both AM and as-cast states) is not homogenous and is
highly dependent on the local microstructure. A locally higher
hydrogen concentration can be expected at the PBs between the
FCC/L1, and BCC/B2 phases, and thus can be responsible for the
interfacial cracking of the H-charged specimens.

6. The relative orientation between the PB and the loading direction is
found to contribute to the cracking susceptibility. A crack is more
easily initiated from the PB when the PB is closer to be perpendicular
to the loading direction. When the PB is parallel to the loading di-
rection, the crack has a high possibility to initiate from the BCC/B2
phase.

7. A K-S-type OR is recognized in the PBs of the studied eutectic HEA,
which can provide a chance for slip transfer between the two phases.
Based on the EBSD analysis of the H-induced surface cracks in the AM
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specimen, the normal HAGBs are shown to be more susceptible to
cracking than LAGBs and PBs.
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