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High entropy alloys (HEAs) have demonstrated excellent potential in various applications owing to the
unique properties. One of the most critical issues of HEAs is the stress corrosion cracking (SCC) which
limits its reliability in practical applications. However, the SCC mechanisms have not been fully
understood yet because of the difficulty of experimental measuring of atomic-scale deformation
mechanisms and surface reactions. In this work, we conduct atomistic uniaxial tensile simulations using
an FCC-type Fe4oNigoCryo alloy as a typical simplification of normal HEAs, in order to reveal how
a corrosive environment such as high-temperature/pressure water affects the tensile behaviors and
deformation mechanisms. In a vacuum, we observe the generation of layered HCP phases in an FCC
matrix during tensile simulation induced by the formation of Shockley partial dislocations from surface
and grain boundaries. While, in the corrosive environment of high-temperature/pressure water, the alloy
surface is oxidized by chemical reactions with water and this oxide surface layer can suppress the
formation of Shockley partial dislocation as well as the resulting FCC-to-HCP phase transition; instead,
a BCC phase is preferred to generate in the FCC matrix for releasing the tensile stress and stored elastic
energy, leading to a reduced ductility as the BCC phase is typically more brittle than the FCC and HCP.
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temperature/pressure water environment—from FCC-to-HCP phase transition in vacuum to FCC-to-
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However, in the presence of mechanical stress, fatal
destruction of HEAs may occur due to the stress corrosion

1. Introduction

High-entropy alloys (HEAs), a kind of novel alloy formed by
mixing equal or relatively large proportions of several elements,
have attracted much academic and industrial attention since
they were first developed in 2004."* HEAs exhibit many unique
advantages such as high strength and high resistance to
corrosion/wear, compared with conventional alloys. These
excellent properties make HEAs widely expected as the struc-
tural material used in the high-temperature and corrosive
environments, e.g., high-temperature and high-pressure water
environment in power plants.
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cracking (SCC) phenomenon, even though HEAs have good
corrosion resistance in stress-free conditions. For example,
Dong et al. have experimentally confirmed the SCC initiation of
Fe,gNiy;Mn,,Cr;g HEA in high-temperature hydrogenated water
environment.> Mizumachi et al. observed the propagation
feature of fatigue cracks in Fe,oCryoNiygMn,oCo,9 HEA.® Thur-
ston et al. studied the SCC propagation mechanism of
CrMnFeCoNi HEAs and they reported a change of crack prop-
agation mechanism from transgranular crack propagation at
room temperature to intergranular-dominated failure at lower
temperatures.” To further improve the reliability of HEAs and
expand its applications, in-deep insights into the SCC mecha-
nisms of HEAs are strongly desired, comprising atomic-scale
deformation mechanisms and chemical reactions with corro-
sive environments. Nevertheless, the SCC mechanisms have not
been elucidated at all because the highly random atomic
arrangement of HEAs makes the experimental measuring/
observation of the atomic-scale deformation process as well as
chemical reactions more difficult than that for the conventional
alloys.
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Molecular dynamics (MD) simulation is a normal approach
to study and clarify the atomic-scale behaviors and mecha-
nisms. In MD simulations, empirical atomic potentials (namely,
force field) are used to describe the interactions among atoms,
e.g., Lennard-Jones and Morse potentials. For metals and alloys,
their atomic interactions are generally described well by the
embedded atom method (EAM)® and its extensions.® For
example, EAM has been used to study the superelastic proper-
ties of BCC-type nanowires’® and migration mechanisms of
deformation twins." However, EAM and related potentials
cannot deal with the chemical reactions, so that they are not
suitable for studying the SCC problems. On the other hand,
first-principles MD simulations can accurately describe the
chemical reactions and even the electronic states, whereas it is
not able to simulate the deformation process owing to the huge
computational costs. As a compromise way for simulating both
the chemical reactions and material deformation mechanisms,
the reactive force field (ReaxFF)'»** is proposed in recent
decades. ReaxFF is a kind of bond-order-based potential and is
able to describe the bond formation/dissociation with good
accuracy and low computational cost if well-trained parameters
are employed. ReaxFF has been widely used to study chemical
reactions of a large variety of material systems such as the
carbon/silicon-based solid lubricants,**® metals,*® ceramics,*
biomolecules,®** and polymers,>** showing excellent val-
idities. In this work, we conduct ReaxFF-based MD simulations
to shed lights on the SCC mechanisms of HEAs in corrosive
environment.

2. Methodology

There are various types of HEAs depending on the added
element species and element proportions, while the HEAs with
face-centered cubic (FCC) structure containing Fe, Ni, and Cr
are the most widely used types due to the high ductility and
corrosion resistance.””®* In this work, we use an FCC-type
Fe,oNiyoCryo alloy (consisting of 40% Fe, 40% Ni, and 20% Cr)
as a typical simplification model of normal HEAs to study the
SCC mechanisms. The simulation model of Fe,(Ni Cr,, alloy is
shown in Fig. 1. Three-dimension periodic boundary condition
(PBC) with a cell size of 54 x 147 x 141 A® are used in this work.
Here a slab model of Fe,(NiyoCr,o alloy with two grain bound-
aries (GB) of =37 (610) is used (one is at the middle and another
one is at the cell edge). This grain boundary is chosen as it is
a well-balanced choice: =37 (610) is neither too unstable to
clearly keep the borderline structure, nor too stable so that we
cannot easily observe the focused phenomenon such as
cracking (see Fig. S1 in ESI} for details). We create a pre-crack
with a height of 30 A and width of 22 A at the middle GB to
observe the crack propagation in the limited simulation time
scale. Thickness of this Fe,(NiycCr, alloy slab is 107 A. To study
the SCC mechanism, tensile simulations of Fe,,NizoCryo alloy
are performed in two environments: a non-corrosive vacuum
and a corrosive high-temperature/pressure water environment.
In this simulation, a partial NPT ensemble is employed: the
system temperature is fixed at 600 K, while pressures of only x
and y directions are kept at 15 MPa. The density of water is
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0.66 g cm® which is the standard density in such conditions.
While, for the vacuum environment, the system temperature is
also set to 600 K to ensure a same simulation condition.

The above tensile simulations are conducted by using our
originally developed MD simulator Laskyo.*® ReaxFF potential is
used to describe the atomic interactions and chemical reac-
tions. Here, the parameters for Fe/Cr/H,O system are picked
directly from the previous studies.>*° For the nickel, there are
available parameters for Ni/Fe,*' whereas the parameters for Ni/
Cr and Ni/H,O are lacking and hence should be developed in
this research. Details regarding the parameter training methods
and results are shown in the Fig. S2 of ESI.{ Before tensile
simulations, we perform relaxation simulation of the slab
models in both vacuum and water environments at a tempera-
ture of 5 K and a pressure of 15 MPa, and then the temperature
is slowly raised up to 600 K. In the MD tensile simulations,
uniaxial tensile strain is applied to the z direction of each model
with a constant strain rate of 10° s~* and a timestep of 0.25 fs/
step. All uniaxial tensile simulations are conducted for 400 000
steps. Velocity-Verlet algorithm®>*® is used to evolve the atoms.
The system temperature and pressure are controlled by the
Nose-Hoover chain method.** The simulation snapshots are
viewed and created by the OVITO software.*

3. Results and discussion

Fig. 2 shows the stress-strain curves of Fe,oNi oCr, alloy during
the tensile simulations in both vacuum and high-temperature/
pressure water environment. As a consequence, we observe
that the Fe oNiyzCr,p alloy in vacuum shows a little lower elastic
modulus (slope of the left-side elastic region) but higher
ductility (stress value of the right-side plastic region) than those
in water environment. Fig. 3 shows atomic shear strain of
Fe,oNiyoCry alloy during tensile simulation in (a) vacuum and
(b) high-temperature/pressure water environment. Initially,
atomic strains in either vacuum or water environments are
almost zero. In the case of vacuum, layered strain bands begin
to generate from the grain boundary and surface at the strain of
5.50%, and then the layered shear bands become thick while
more and more layered strain bands are generated at the tensile
strain of 8.50%, as shown in Fig. 3a. In the case of high
temperature and pressure water, atomic strains of the surface
atoms become very large at the strain of 5.50% indicating
a structural change of surface (Fig. 3b). Meanwhile, layered
strain bands are not observed, while instead the atomic shear
strain concentrate around the grain boundary. When the tensile
strain increases to 8.50%, a large block of high-strain region is
observed at the grain boundary. The above results demonstrate
the different deformation mechanisms of Fe,oNi zCr,, alloy in
vacuum and water environments.

To clarify the above different deformation mechanisms, the
atomic structures are investigated in details. The atomic struc-
ture results of FeoNi,oCr,p alloy in vacuum are shown in Fig. 4a
where the atoms in face-centered cubic (FCC), body-centered
cubic (BCC), and hexagonal closest packed (HCP) phases are
assigned to different colors. At the strain of 0.00%, atoms at the
grain boundary could not be recognized as any of the FCC, BCC,
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Fig.1 Tensile simulation model of FCC-type Fe4oNisoCrzg alloy with a pre-crack at the =37 (610) grain boundary. A same grain boundary also

appears at the cell edge.
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Fig. 2 Stress—strain curve of Fe,oNisoCryg alloy in vacuum and high
temperature/pressure water environments.

and HCP phases so that they are named as “others”, while the
rest atoms are recognized as FCC phase because the original
Fe,oNiyoCryp alloy model is of FCC structure. In vacuum, there
are some layered HCP phases beginning to generate from the
grain boundary and surface at the strain of 5.50%, and then
these layered HCP phases propagate and become more and
more thick with the increase of tensile strain, as shown in
Fig. 4a. We suggest that the generation of these HCP phases are
the origin of the layered shear bands in Fig. 3a because their
positions are totally the same. According to the crystallography
analysis, these HCP phases are generated by the Shockley
partial dislocation in FCC phase.*® Fig. 5 schematically indicates
the dislocation-induced phase transition from FCC (111) to HCP
(001). In this illustration, blue, orange (both opaque and
transparent ones), and red balls indicate the bottom, middle,
and top layer atoms, respectively. For the normal FCC phase
(right side of dislocation line), the top layer (red), middle layer

6632 | RSC Adv, 2023, 13, 6630-6636

(orange), and bottom layer (blue) are staggered with each other,
and the black cube marks a typical FCC primitive cell where the
opaque orange balls indicate the atoms of its (111) surface.
When a Shockley partial dislocation is generated as shown in
Fig. 5, the top layer (red) and middle layer (orange) atoms move
downward with a Burgers vector of b= a/2 where a is lattice
constant, and hence the top layer (red) and bottom layer (blue)
are overlapped becoming the HCP phase where the opaque
orange balls indicate the atoms of its (001) surface. This illus-
tration clearly shows the atomic mechanism of dislocation-
induced phase transition from FCC (111) to HCP (001). Addi-
tionally, we found that these generated HCP layers are exactly
parallel to the (111) surface of FCC matrix (see white lines in
Fig. 3a), showing agreements with the above mechanism. In the
case of high-temperature/pressure water environment, we
observe the generation of BCC phase rather than HCP phase
near the boundary at the strain of 5.50%. When the tensile
strain increases to 8.50%, the BCC region becomes larger and
larger, while a few layered HCP phases are generated from the
boundary. These generated BCC and HCP phases are in the
same positions with the areas of high atomic strain in Fig. 3b.
We should notice that the water-induced change of deformation
behavior (HCP layers to BCC blocks) is a universal behavior for
Fe/Ni/Cr alloy, which is not affected by the change of element
proportions. As the evidence, we have conducted tensile simu-
lations of HEA with different element proportions (Fe;oNizoCro,
Fe35Ni35Crsg, and FesoNiyoCrs), as shown in Fig. S3-S5 of ESL.T
All HEA models show similar tensile deformation results as that
of FeyoNiyoCryo: layered HCP structures are generated in
vacuum, whereas BCC phases are generated in water environ-
ment, confirming the universality of the above observed defor-
mation mechanisms.

To clarify the unique deformation mechanism in water, we
should first understand what happens at the alloy/water

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Atomic shear strain of FesgNisoCrag alloy in (a) vacuum and (b) high-temperature/pressure water environments. Non-reacted water
molecules in (b) are invisible for clarity.

interface. Looking back the Fig. 3b and 4b again, it is noticed Ni-O, and Cr-O bonds are investigated as shown in Fig. 6. At the
that the alloy surface in water becomes very rough while the beginning of tensile simulation, the number of Cr-O, Fe-O, and
atomic strains of surface atoms are very high. It is supposed that ~ Ni-O bonds are roughly 1850, 1200, and 700, respectively. This
the alloy surface is oxidized by the chemical reactions with is because the alloy has been relaxed in water and the alloy
water molecules during tensile simulation. To verify this surface is oxidized more or less before tensile simulation. As the
supposition, the numbers of chemical bonds including Fe-O, numbers of Fe and Ni atoms are basically the same while the
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Fig. 4 Atomic structures of Fe4oNisoCrpg alloy in (a) vacuum and (b) high-temperature/pressure water environments.
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Fig. 5 Schematic illustration of the FCC-to-HCP phase transition
mechanism induced by Shockley partial dislocation.
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Fig.6 Time evolution of the number of Fe—O, Ni-O, and Cr-O bonds
of Fe4oNisoCrag in high-temperature/pressure water environment.

number of Cr atoms is only a half of Fe (and Ni) atoms in
Fe,oNiyCr,p alloy, we can conclude that Cr is most favorable to
be oxidized following by Fe and Ni in sequence. This order of
bond number corresponds to the electropositivity (antipode to
electronegativity) of Cr, Fe, and Ni. With the proceeds of tensile
simulation, the numbers of all Fe-O, Ni-O, and Cr-O bonds
show a monotonic increasing trend, indicating a continuous
oxidation of Fe,zNiszCr,o alloy surface by the reactions with
water. The next question is how the surface oxidation correlates
to the change of deformation mechanism? In vacuum, we have

y* V2 ax/2 s20]2

Fig. 7 Schematic illustration of the FCC-to-BCC phase transition.
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reported that the Shockley partial dislocation generated from
surface and grain boundary causes the FCC-to-HCP phase
transition. Thus, in the case of corrosive water environment,
since the alloy surface is covered and passivated by an oxidized
layer, the generation of Shockley partial dislocations from
oxidized surface is surely suppressed, so that the alloy has to
find another deformation pathway (which does not start from
the surface) to release the tensile stress and stored elastic
energy. The FCC-to-BCC phase transition may take place as one
of the possible deformation mechanisms, as schematically
shown in Fig. 7. The blue-line cuboid in Fig. 6 is of FCC phase
initially, and it becomes the primitive cell of BCC when tensile
strain of v/2 — 1 is applied to both x and y directions. To sum up
the deformation mechanism in water, chemical reactions
between water molecules and alloy surface cause the surface
oxidization and suppress the generation of Shockley partial
dislocation from surface as well as the dislocation-induced FCC-
to-HCP phase transition, so that the occurrence of FCC-to-BCC
phase transition is preferred to release the tensile stress.
Additionally, we should notice that the generation of disloca-
tion from grain boundary is still possible even though surface is
oxidized, and this is the reason why we can observe the gener-
ation of HCP phase from grain boundary at high tensile strain
of 8.50%.

The changed deformation mechanism of Fe,,Ni,oCryo alloy
may well explain the distinct stress-strain curves and the
elastic/plastic properties in both vacuum and high-
temperature/pressure water environment (Fig. 2). The higher
elastic modulus in water environment is because the Fe oNigo-
Cryo alloy is difficult to deform via the FCC-to-HCP phase
transition from surface by the surface oxidation. On the other
hand, the lower ductility of Fe,oNi oCr,, alloy in water envi-
ronment is because BCC phase is generally more brittle than
FCC and HCP phases. Overall, the presence of high-
temperature/pressure water causes the surface oxidation of
Fe,oNigCr,p alloy and hence changes the deformation mecha-
nisms from FCC-to-HCP phase transition to FCC-to-BCC phase
transition, which finally enhances the elastic modulus while
reduce the ductility.

4. Conclusion

In this work, uniaxial tensile simulations of FCC-type Fe,o-
Niy(Cryo alloy (as a simplified model of HEAs) are conducted in

V2a/2
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vacuum and high-temperature/pressure water environment to
clarify the effect of corrosive environment on the deformation
mechanisms. In vacuum, layered HCP phases are formed from
FCC matrix during tensile simulation due to the generation of
Shockley partial dislocations from surface and grain boundary.
While, in the corrosive water environment, alloy surface is
oxidized by the reactions with water and this oxidized surface
layer can suppress the generation of Shockley partial disloca-
tion as well as the resulted FCC-to-HCP phase transition;
instead, generation of BCC phase is preferred to release the
tensile stress and stored elastic energy, leading to an enhanced
elastic modulus and reduced ductility. Thus, we revealed that
the deformation mechanism of Fe,(NiyCr, alloy is changed by
the presence of high-temperature/pressure water environ-
ment—from FCC-to-HCP phase transition in vacuum to FCC-to-
BCC phase transition in water. This study as a theoretical
fundamental may contribute to the further improvement of
HEAs with high resistance to SCC in experiments.
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