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ABSTRACT

The competition between plastic deformation mechanisms in FeCrCoNiAly high-entropy alloys is
explored as a function of temperature by first-principle theory. Investigating the generalized stacking
fault energy, we identify a strong interplay between the magnetic and chemical effects. At cryogenic
conditions (ferromagnetic state), full-slip is accompanied by martensitic transformation, whereas
increasing temperature towards room-temperature (paramagnetic state) changes the deformation
mechanism to full-slip plus twinning. Alloying with Al reduces the susceptibility for stacking fault
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formation in the ferromagnetic state and promotes twinning in the paramagnetic state. The present
advance in magneto-plasticity reveals new opportunities for tailoring the mechanical response in

high-entropy alloys.
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Magnetic state critically affects the y-surface of FeCrCoNiAly and is responsible for the emergence
of the exceptional metastable twinning phenomena at room temperature.

The development of alloys with enhanced strength and
ductility represents a continuous challenge in mate-
rials design. Over the past years, high-entropy alloys
(HEAs) have generated considerable excitement for their
unique combinations of mechanical properties [1-3].
For example, the equiatomic FeCrCoNiMn with sin-
gle face-centered cubic (fcc) solid solution phase dis-
plays fracture toughness values at crack initiation well
above 200 MPam!/? associated with increasing ten-
sile strengths from 730 to 1280 MPa as the temper-
ature is lowered from 300 to 77K [4]. Experimen-
tal observations indicated that the key to the unusual
temperature-dependent strength and ductility is the
presence of twinning as the dominant deformation

mechanism at cryogenic conditions [4]. More recently,
the Feggp_xMn,Co19Cro alloys with a decrease of Mn
content produce a partial martensitic transformation of
the fcc phase to the hexagonal close-packed (hcp) phase
at room temperature, i.e. the so-called transformation-
induced plasticity (TRIP) assisted dual-phase HEAs,
accompanied by a mechanical response similar to that of
FeCrCoNiMn [5]. Since the deformation mode transition
plays an important part in tuning the strength-ductility
trade-off in such alloys, a theoretical understanding is
indispensable for optimizing high-performance HEAs.
Generalized stacking fault energy (y-surface), which
represents the energy dependency of the rigidly sheared
crystal within the fcc {111} plane along the (112)
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direction, provides fundamental information in describ-
ing the deformation mechanism of the fcc metals [6]. The
intrinsic stacking fault energy yisr is the excess energy
associated with the stacking fault, and the unstable stack-
ing fault energy y,s¢ and the unstable twining fault energy
Yutf determine the energy barrier to produce a stable
stacking fault or a twin fault, respectively, within the pris-
tine lattice. Various models based on y -surface have been
proposed to explore how planar faults multiply and inter-
act [7-9]. So far, investigations of y-surface for HEAs
have been very limited, which can be attributed to the
complexity of the problem related to the chemical and
magnetic disorders. Using first-principle methods, here
we reveal the temperature and composition-dependent
y-surfaces of the FeCrCoNiAl, (0 < x < 0.3) HEAs,
which have been noted for their excellent combina-
tions of strength and ductility [10-15]. We provide a
detailed analysis of the chemical and magnetic contri-
butions, explain the observed mechanical behavior, and
predict the plasticity mechanisms at cryogenic and strain
conditions. The considered HEAs were reported to pos-
sess a homogenous fcc structure [16-20]. In the present
investigation, we focus on random solid solution state
and neglect any possible local chemical ordering (LCO)
effects discussed, e.g. in the case of CrCoNi medium-
entropy alloys [21]. We expect that the LCO plays impor-
tant role only for the initial stage of the deformation
process and a substantial dislocation activity destroys the
LCO produced by special heat treatments.

The present calculations are performed using the
exact muffin-tin orbitals (EMTQO) method [22], in com-
bination with the coherent potential approximation
(CPA) [23]. The one-electron Kohn-Sham equations are
solved within the scalar-relativistic approximation and
the soft-core scheme. The exchange—correlation effects
are treated within the generalized gradient approxima-
tion [24]. The paramagnetic state is simulated by the
disordered local moments (DLM) model [25]. Super-
cells consisting of nine fcc {111} layers with and without
planar fault are applied, in which the chemical and mag-
netic (for the paramagnetic state) randomness is realized
through the effective medium and single-site approxi-
mation as formulated within the CPA. Accordingly, all
nine layers are occupied randomly by the alloy compo-
nents and they are totally equivalent for the un-sheared
case. The temperature-dependent lattice parameters are
derived from room-temperature experimental value tak-
ing into account the linear thermal expansion coefficients
[16,26]. The present approach has been applied previ-
ously to reveal various parameters and mechanisms for
HEAs, and the reported results are in reasonable agree-
ment with other theoretical results, as well as with the
observations [27-35].

Figure 1(a) shows the y-surface of the paramag-
netic FeCrCoNi at room temperature. The first and sec-
ond maxima are the unstable staking fault energy yyqf
(~290.5 mJ/m?) and the unstable twining fault energy
Yatf (~289.5mJ/m?), respectively, and the first min-
ima represent the intrinsic stacking fault energy yis
(~—0.3m]J/m?). We notice that the present alloy has
almost the same yysr and yyf, and a small negative yif,
which differs substantially from the case of conventional
alloys [36-38]. To obtain an insight into the atomic-
level mechanisms behind the trend of the fault energies,
we divide y into three contributions: the chemical part
y<hem | the magnetic part y™28, and the electronic part
yel Tt is clear that y<P™ follows closely the trend of y,
while Y™ gives opposite contributions. Further anal-
ysis shows that y"°™ gives the major contribution to
the total fault energy (order of 10? mJ/m?, especially for
Yusf and Yier). On the other hand, ™% plays an impor-
tant role in establishing the actual values for y;sr and yesr
(where yPe™ is relatively small). Finally, ¢! is very small
(<10° mJ/m?) for the present system and temperatures
of interest and thus can safely be ignored.

The magnetic fluctuation contribution is therefore
important to identify y™ of the paramagnetic FeCr-
CoNi, as shown in Figure 1(b). In perfect fcc lattice,
the local magnetic moments per Fe and Co atoms are
2.08 and 0.32 yp, respectively, while for Cr and Ni atoms,
the static DLM magnetic moments are nearly zero. For
all types of planar fault, the main magnetic changes are
observed in the layers around the fault plane. For the
intrinsic stacking fault, the Fe magnetic moment near
the fault plane decrease by ~ 4% as compared to its bulk
value. The Co magnetic moment follows qualitatively the
same behavior. The loss of the paramagnetic moment
results in lower magnetic entropy, and thus has a positive
contribution to y;s. In the case of the unstable stacking
fault, the magnetic entropy is larger than the correspond-
ing bulk values. From the feature of the local magnetic
moments, the unstable twinning fault can be treated as
a sum of unstable stacking fault and intrinsic stacking
fault, and the extrinsic stacking fault as a pair of intrinsic
stacking fault located on neighboring planes.

For the considered system, the Curie temperature esti-
mated via the mean-filed method [39] varies from ~ 155
to ~ 140K when x changes from 0 to 0.3 in the fcc
phase [40]. Figure 2(a) displays the obtained yisf, yust
and e of the ferromagnetic and paramagnetic FeCr-
CoNi in the temperature range of 77-300K. It is clear
that for both magnetic states, yjs increases, whereas yy¢¢
and yyr decrease with increasing temperature. The val-
ues of yisr at 77K for the ferromagnetic and paramag-
netic states are —12.9 and —12.3 mJ/m?, respectively, and
increase to —11.0 and —0.3 mJ/m? when temperature
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Figure 1. Generalized stacking fault energy of the paramagnetic FeCrCoNi at room temperature. In panel (a), b = (112) /6 is the Burgers
vector of the partial dislocation (in units of fcc lattice parameter). For comparison, the dash line marks the y-surface of the ferromagnetic
FeCrCoNi at room temperature. Panel (b) shows the magnetic part ™28 for the paramagnetic FeCrCoNi at room temperature. Insets show
the changes of magnetic moments for Fe around the faulted planes as a function of layer index with respected to the corresponding values
for the perfect fcc lattice. The stacking fault is formed between the fifth and sixth layers.
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Figure 2. Intrinsic stacking fault energy yisf, unstable stacking fault energy y,sf, and unstable twining fault energy yy of the ferromag-
netic and paramagnetic FeCrCoNiAly, respectively. Panel (a) shows the results for FeCrCoNiAl, at x = 0 as a function of temperature.
Panel (b) shows the results for FeCrCoNiAl, at T = 300K as a function of Al content.

reaches 300 K. The relative large positive temperature fac-
tor for yjef at the paramagnetic state is mainly contributed
by the magnetic part, which has important implication on
the deformation mechanism as explained below.

In Figure 2(b), we present the obtained yif, yysr and
vutf for the ferromagnetic and paramagnetic FeCrCo
NiAl, at 300K as a function of Al content. As one
can see, removing the magnetic order yields a positive
effect on all three parameters within the considered com-
position range. In the case of the paramagnetic state,
Yist increases from —0.3 to 10.3 mJ/m? when x changes
from 0 to 0.3, whereas yysr and s decrease from 290.5
and 289.5 mJ/m? to 262.7 and 269.4 mJ/m?, respectively.
Actually, yir can be connected to the stability of the
fccand hep structures, i.e. yisf > 2(Enep — Efec) /A, based
on the second-order approximation of the axial interac-
tion model [22]. Thus, the negative y;y found in low-Al

content system at cryogenic temperatures indicates that
the fcc structure becomes unstable with respect to the hcp
structure.

It is known that in fcc metals, stacking fault (SF), twin-
ning (TW), and full-slip (SL) are important plastic defor-
mation modes [41]. Previous work indicated that the
preferred mode is decided by the competition between
the corresponding effective energy barriers (EEBs) [42],
Le. 778F = Vusf/ cost, J;TW = (Vutf - Visf)/ cos 6, J7SL =
(Vust — Vist)/ c0s(60° — 6). Here, ysp, yrw and ysr
denote the EEBs of SE, TW, and SL, respectively, and
0 measures the angle between the stacking fault easy
direction (112) and the applied resolved shear stress
(0° < 0 < 60°). The activated deformation mechanism
is decided by the lowest EEBs. For example, TW is pre-
ferred over SF when ytw < ysg, which should be char-
acteristic for metals showing twinning-induced plasticity
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(TWIP) effect. In Figure 3(a), we present the calculated
EEBs of the ferromagnetic and paramagnetic FeCrCoNi
at 300K as a function of . We notice that the actual
value of 6 does not influence the competition between
TW and SE, while at high angle SL mode can always
be activated. In the following, we show (ysp — yrw) =
7se(0°) — 1w (0°) for the sake of simplicity, and do not
always mention SL when discussing the SF and TW
modes.

Some typical multi-component alloys with excellent
mechanical properties are reported to be thermody-
namically unstable at ambient and cryogenic conditions
[4,5,31-35]. Since twinning is recognized as an impor-
tant deformation mode behind the simultaneous increase
of strength and ductility in these alloys, Huang et al.
introduced a mechanism of metastable twinning (MTW)
based on the stacking fault energies and related intrin-
sic materials parameters [35]. It was shown that the
condition of MTW reads § < /2 < 0, where o™ is
the pseudo-interfacial energy between the hcp embryo
and the fcc matrix [43], and § = Vuf — Yust — Vist/2
expresses the deviation relative to the so-called universal
scaling law [44]. Notice that MTW can only be real-
ized when (8 — 0*) < 0, and alloys with (yj¢/2 — §) <
0 and (yisf/2 — 0*) > O represent SF and normal TW,
respectively.

The deformation mode is sensitive to the shearing
condition in some metastable alloys [35]. The beneficial
effect of strain on the twinnability is also mentioned in
connection with the empirical deformation maps [41].
We notice that two different types of deformations (alias
and affine) have been used in the theoretical investiga-
tions [6,45]. For the alias shear, only half of the crystal
is displaced in the shearing direction, and the corre-
sponding energy-displacement curve is the y -surface, as
shown in Figure 1. For the affine shear, all atomic planes

are shifted parallel to the shearing direction. In order to
illustrate the shearing effect, here we combine these two
deformations in the following way: affine shear is applied
first in elastic deformation regime, and then alias shear
occurs when the critical strain is reached. The shear strain
is given by |X|/h, where X is the displacement of the end
point of the lattice vector ¢ along the Burgers vector, and
h is the corresponding interlayer spacing.

Figure 3(b) presents the critical MTW parameters
(Yist/2 — o) and (§ —o™) of the ferromagnetic and
paramagnetic FeCrCoNi at 300K as a function of affine
shear strain. It is found that at the ferromagnetic state, SF
is the active deformation mode in the low-strain region,
and MTW becomes favorable with increasing the affine
shear strain. On the other hand, the paramagnetic FeCr-
CoNi satisfies the MTW condition at all strains from
the figure and thus it is prone to MTW. Extending the
above study to FeCrCoNiAl, (0 < x < 0.3), as shown
in Figure 4(a), indicates that SF or MTW can appear at
300 K within the certain composition and magnetic state.

Figure 4(b) presents the composition, temperature,
and strain-dependent (ysg — yrw) of the ferromag-
netic and paramagnetic FeCrCoNiAly, respectively. We
recall that (yisf/2 — 0*) < 0 implies a thermodynami-
cally unstable fcc phase. Accordingly, normal TW hap-
pens only in a high-Al content system or at high temper-
ature (not shown). Within the considered composition
and temperature ranges, the MTW (SF) mode occurs
with increasing (decreasing) Al content, temperature,
and strain, since (ysp — yrw) is positive (negative) in the
right-higher (left-lower) corner of the map. Particularly,
magnetism plays an important role in determining the
favored deformation mode. For example, the equiatomic
FeCrCoNi is predicted to show SF instead of MTW if the
alloy remains in the ferromagnetic state at room tempera-
ture. The present theoretical results are helpful to explore
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alternative ways to tune the plastic flow mechanisms in
engineering materials involving HEAs.

The TWIP effect was indeed observed in the consid-
ered HEAs at various deformation conditions in exper-
imental, and it was suggested to be the main reason for
the measured large work hardenability [10-15]. In addi-
tion, smaller twin spacing and larger twin thickness were
reported in the as-cast alloy compared with the recrys-
tallized one, i.e. large grain size results in a high twin-
ning activity [13]. Here, we would like to highlight this
interesting experimental fact which now gains theoretical
support in the mirror of the present data. For example,
MTW is predicted in the paramagnetic FeCrCoNiAl,
(0 < x < 0.3) at 300 K, which has a Curie point far below
room temperature. The good agreement between theory
and experiment demonstrates the validity of evaluating
the deformation mechanism based on the above criteria.

The combined increase in strength and ductility
observed in the recently developed HEAs broadened
the palette of advanced metallic materials. A theoretical
understanding of the underlying plasticity mechanisms
is therefore important for the optimal design and use of
these new alloys. In this study, we have investigated the
composition and temperature dependence of the gener-
alized stacking fault energy for the ferromagnetic and
paramagnetic FeCrCoNijAl, (0 < x < 0.3) HEAs using
quantum mechanical first-principle methods. The acti-
vation of plastic deformation mechanisms is analyzed
by the effective energy barriers in connection with a
transparent atomic-level theory of the metastable twin-
ning mechanism. The observed TWIP effect is discussed,
and the strain condition exhibits a positive effect on the
twinnability. Theory predicts that the TRIP phenomena
become the favored deformation mode in low-Al con-
tent system and at cryogenic conditions. The disclosed

behavior of the present HEAs demonstrates that a proper
control of the magnetic state offers a way to identify alloys
with a change in the main activated plastic deformation
modes, which can facilitate the design and optimiza-
tion of alternative HEAs with desired strength-ductility
combinations.
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