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We reveal the impact of magnetic ordering on stacking fault energy (SFE) and its influence on the deformation
mechanisms and mechanical properties in a class of nonequiatomic quinary Mn-containing compositional complex alloys or high entropy alloys (HEAs). By combining ab initio simulation and experimental validation, we
demonstrate magnetic ordering as an important factor in the activation and transition of deformation modes from
planar dislocation slip to TWIP (twinning-induced plasticity) and/or TRIP (transformation-induced plasticity).
A wide compositional space of Cr20 Mnx Fey Co20 Niz (x + y + z = 60, at. %) was probed by density-functional
theory calculations to search for potential alloys displaying the TWIP/TRIP effects. Three selected promising
HEA compositions with varying Mn concentrations were metallurgically synthesized, processed, and probed for
microstructure, deformation mechanism, and mechanical property evaluation. The differences in the deformation
modes of the probed HEAs are interpreted in terms of the computed SFEs and their dependence on the predicted
magnetic state, as revealed by ab initio calculations and validated by explicit magnetic measurements. It is found
that the Mn content plays a key role in the stabilization of antiferromagnetic configurations which strongly
impact the SFEs and eventually lead to the prevalent deformation behavior.
DOI: 10.1103/PhysRevMaterials.4.033601

I. INTRODUCTION

Designing structural alloys with excellent mechanical
properties, e.g., with a good combination of strength and
ductility is one of the ultimate objectives for materials scientist. The stacking fault energy (SFE) acts as one of the
most important parameters in this aspect [1–5]. For example,
to fabricate steels with high strength and ductility synergy,
various amounts of Mn, Al, and Si are often alloyed to tune
the SFE and activate transformation-induced plasticity (TRIP)
and twinning-induced plasticity (TWIP) mechanisms [4–7].
This is due to the fact that dislocation behavior is significantly
influenced by SFE. When the SFE is above 45 mJ/m2 , full
dislocations do not split into partials and dislocation gliding
is the dominant deformation mechanism [8,9]. When the
SFE decreases to the range of 20−40 mJ/m2 , planar slip
and TWIP prevail. Further SFE reduction to 20 mJ/m2 and
below generally leads to a TRIP effect in such steels where
hexagonal, tetragonal, or body-centered cubic product phases
can emerge, through the Olsen-Cohen mechanism [10,11].
The formation of deformation twins is associated with the passage of Shockley partial dislocations on every {111} plane in
*
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face-centered cubic (fcc) materials, while the generation of a
hexagonal close-packed (hcp) phase is induced by the passage
of Shockley partials on every second {111} plane [12–14].
The similar strengthening strategies have been applied to high
entropy alloys (HEAs) or compositionally complex alloys
(CCAs) [2,4,12,15–17]. HEAs and CCAs allow exploration
of vast compositional space by combining multiprincipal
elements, introducing massive solid solution strengthening
[18–21]. Pioneering work has shown that equiatomic quinary
HEAs are promising materials with excellent properties such
as good strength-ductility combination and fracture toughness
at ambient [18,22] and cryogenic temperatures [23,24], as
well as high resistance to hydrogen embrittlement [25–27].
The SFE is known to be sensitive to both temperature and
composition, e.g., in Refs. [6,28,29]. However, the influence
of magnetism, for example, magnetic ordering upon SFE
and correspondingly on deformation mechanisms are less
commonly investigated, and yet of significant importance.
A recent study by Niu et al. [30] reveals a magnetically
driven phase transformation strengthening effect in a CrCoNi
HEA. In their work, the authors exclusively analyzed the
magnetic effect upon mechanical properties in CrCoNi HEAs
and pointed out Mn as a magnetically frustrated element.
However, how exactly Mn affects the mechanical properties
in the aspect of magnetic ordering is still unclear. It is also
not so clear whether the effect of magnetism is only seen
in the ternary HEAs with TRIP effect or it is universal and
applies also to other TRIP quinary HEAs. Thus, it is of high
interest and significance to explore the effect of magnetism
upon quinary Mn-containing HEAs. Valence electron concentration (VEC) values are also known to relate to the phase
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stability of HEAs [31–33]. For instance, recently Fang et al.
[33] observed that when the VEC value fall into a certain
rage, a change of the deformation mechanism is expected for
Cr25 Fe40−x Co35 Nix (x = 0–15 at. %) HEAs.
Ab initio calculations have been successfully utilized to
estimate the SFEs of various HEAs. To take the effect of
magnetic ordering and VEC upon SFE into consideration, in
the present study we further employ ab initio calculations to
efficiently screen for quinary compositions based on the SFEs
[1,30,34–41] and design nonequiatomic HEAs with TRIP
and/or TWIP. We first computationally screen for SFEs of
alloys in the quasiternary Cr20 Mnx Fey Co20 Niz (x + y + z =
60, at. %) compositional space, where we take the effect of
magnetic ordering upon SFE into consideration. Based on
an initial set of calculations, we select three nonequiatomic
quinary HEAs with relatively low SFEs and then systematically analyze their mechanical behavior and deformation
mechanisms in experiments. While alloy design is normally
time-consuming and costly, the present combinatorial approach of simulation and experiments demonstrates a pathway
for efficiently and economically screening materials with
targeted properties, and reveals that the magnetic ordering
tendency is a critical factor to be considered. This kind of
alloy design approach is not limited to CCA/HEAs, but can
also be applied to other structural alloys.

II. METHODS
A. Ab initio calculations

Electronic structure calculations were performed employing the exact-muffin-tin-orbital (EMTO) method [42–46]
in combination with the full-charge-density method [47,48]
within the framework of density-functional theory. The chemical disorder was modeled using the coherent-potential approximation (CPA) [49–51]. The charges and the energies
were calculated within the generalized-gradient approximation of the Perdew-Burke-Ernzerhof form [52]. The Brillouin
zones were sampled by more than 12 500/n k-points per unit
cell, where n indicates the number of atoms in the unit cell.
To illustrate the impact of magnetic ordering, we considered both the paramagnetic (PM) and ordered magnetic states.
Both experiments [53] and previous ab initio calculations
[54,55] reported that the equiatomic CrMnFeCoNi Cantor
alloy is in the PM state at room temperature. In the present
study, we approximated the PM state by the disordered local
moment model [46,56,57] combined with the CPA. In a previous EMTO-CPA study [55], it was found that if no sublattice
magnetic ordering is considered, a magnetic state where the
magnetic moments of Cr and Mn are aligned oppositely to
those of Fe, Co, Ni is energetically the most stable collinear
magnetic state in the fcc phase. Given the fact that in particular Fe and Mn in elemental bulk fcc phases are prone to
different kinds of antiferromagnetic ordering, we employ in
the present study an extended set of calculations where we
specifically screen for antiferromagnetic states. For a wide
range of compositions including equiatomic CrMnFeCoNi, an
antiferromagnetically ({100} layered) ordered state is found
to be lower in energy (up to ∼23 meV/atom depending
on composition) as compared to the above discussed and

previously considered [54,55,58] magnetic state with Mn and
Cr moments antiferromagnetically aligned relative to Fe, Co,
and Ni moments [55] (a detailed analysis on the impact
of magnetism on other properties will be given elsewhere
[59,60]). In the present study, we therefore focused on the
antiferromagnetic (AFM) state as an alternative representative
ordered magnetic state of the fcc phase. For the hcp phase,
similarly, {0001}-layer AFM state was considered as a representative ordered magnetic state.
The intrinsic SFEs were computed based on the first-order
axial Ising model (AIM1) [61,62] as
γISF ≈

2(Ehcp − Efcc )
,
A

(1)

where A denotes the area per atom, and Eα denotes the energy
per atom of the phase α. We confirmed that the second-order
axial Ising model (AIM2) [61] shows essentially the same
trend as that of the AIM1 for the PM state. The volumes of
the fcc phase were determined by fitting the energy-volume
relations to the third-order Birch-Murnaghan equation of state
[63,64], and the intrinsic SFE was computed at the determined
fcc equilibrium volume for each composition (see Supplemental Material [65] for the results at the experimental lattice
constant
√ of the Cantor alloy). For the hcp phase, the ideal c/a
ratio ( 8/3 ≈ 1.633) was employed, as recent experiments
[66,67] also revealed that CrMnFeCoNi in the hcp phase
shows a c/a ratio close to the ideal one at ambient conditions.
Internal atomic positions were fixed to keep the rigid-sphere
packing.
The magnetic critical temperature Tc was computed based
on the mean-field approximation [40,54,68] as
kB Tc =

2
(EPM − EAFM ),
3

(2)

where kB is the Boltzmann constant, and Eα is the energy of
the magnetic phase α per atom at the volume in the AFM
fcc phase. Here the AFM phase was set as the reference
of the magnetically ordered one. Note that mean-field approximation often tends to overestimate the magnetic critical
temperature.
The VEC of a HEA was computed as the average of the
VEC of the constituent elements weighted by their concentrations in atomic percent, where the VEC of Cr, Mn, Fe, Co, and
Ni were chosen as 6, 7, 8, 9, and 10, respectively.
B. Alloy preparation

The three alloys selected from the ab initio calculations
were cast using a vacuum induction furnace. Wet chemical
analysis was employed to measure the chemical composition for confirming the concentrations of the elements after
casting. The measured compositions are shown in Table I.
For accuracy, the compositions were measured from three
different parts of the casting alloys. For removing cast defects
such as void and pores, as-cast alloys were hot rolled at 950 °C
for a thickness reduction of 50%. Subsequent homogenization
was carried out at 1200 °C for 2 h in Ar atmosphere followed
by quenching in water.
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TABLE I. Compositions of the three alloys under investigation in as-cast state using wet chemical analysis (at. %).

Alloy I
Alloy II
Alloy III

Nominal

Cr

Mn

Fe

Co

Ni

Cr20 Mn24 Fe30 Co20 Ni6
Cr20 Mn30 Fe24 Co20 Ni6
Cr20 Mn15 Fe34 Co20 Ni11

19.93 ± 0.12
19.91 ± 0.11
20.33 ± 0.12

23.81 ± 0.22
29.66 ± 0.21
15.35 ± 0.21

30.39 ± 0.15
24.51 ± 0.13
32.36 ± 0.11

19.87 ± 0.14
19.94 ± 0.12
20.61 ± 0.12

5.99 ± 0.03
5.97 ± 0.04
11.35 ± 0.03

C. Magnetic properties measurement

Rectangular-shaped 3 × 3 × 1-mm samples were used to
measure temperature dependence of magnetization M(T )H
of the alloys after homogenization, using a Quantum Design
Physical Properties Measurement System (PPMS 9) equipped
with a standard vibrating sample magnetometry option. The
M(T )H dependence were measured at 0.3, 0.4, and 0.5 T in a
temperature range from 5 to 300 K with zero-field cooling.
The temperature-sweeping rate was 20 K/min. Hysteresis
3

loops M(H )T were taken at 5 K in an external magnetic field
of ±5 T. The magnetic-field sweeping rate was 50 Oe/s.
D. Mechanical testing

For tensile testing, dog-bone shaped specimens (1 mm
in thickness) were cut using electrical discharge machining.
The tensile specimens have a total length of 32 mm, and the
gauge area is 10 mm by length and 2.5 mm by width. Tensile
testing was conducted at room temperature at a strain rate of

FIG. 1. (a), (b) Difference of the SFEs of quinary Cr20 Mnx Fey Co20 Niz (x + y + z = 60, at. %) CCAs compared to the reference alloy
Cr20 Mn20 Fe34 Co20 Ni6 in the (a) PM and in the (b) AFM states obtained from ab initio calculations. (c) Magnetic critical temperatures of the
AFM state obtained from ab initio calculations. (d) Valence electron concentration (VEC) distribution. Triangle symbols show the compositions
investigated in the present experiments. Two reference alloys, namely, the equiatomic Cantor alloy (square) and Cr20 Mn20 Fe34 Co20 Ni6 (circle),
which is known to show DP-TRIP [1], are also shown. The colors of the symbols show the dominant deformation behavior of the corresponding
compositions; orange and red are for TRIP and TWIP, respectively. Visualization is performed using the MPLTERN code [70] in combination
with MATPLOTLIB [71].
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FIG. 2. Temperature dependence of magnetization behavior from 5 to 300 K for the three alloys under investigation. (a) Alloy I:
Cr20 Mn24 Fe30 Co20 Ni6 (at. %), where the transition temperature is around 160 K; (b) Alloy II: Cr20 Mn30 Fe24 Co20 Ni6 (at. %), where the
transition temperature is around 190 K; (c) Alloy III: Cr20 Mn15 Fe34 Co20 Ni11 (at. %), where the transition temperature is around 80 K. (d)
Hysteresis loops investigated up to 0.5 T at 5 K for alloys I to III.

1.0 × 10−3 s−1 using a Kammrath & Weiss tensile device.
For a precise determination of local strain evolution, we
used digital image correlation (DIC) method with the ARAMIS
software (GOM GmbH).
E. Microstructural characterization

Initial phase identification and lattice parameter determination were conducted using x-ray diffraction (XRD).
XRD measurements were carried out using x-ray equipment
ISO-DEBYEFLEX 3003 with a cobalt source (CoKα1 , λ =
1.788 965 Å) operated at 40 kV and 30 mA. The 2θ range for
XRD measurement is 20–130° with a scan step of 0.03° and
counting time of 20 s/step. The lattice constants were analyzed
by Bruker TOPAS version 5.0 using the fundamental parameter
fit method.
Multiple techniques were employed to characterize the
microstructure evolution. A Zeiss-Crossbeam XB 1540 focused ion beam scanning electron microscope (FIB-SEM)
was utilized for electron backscattered diffraction (EBSD)
analysis, using a parameter of 15 kV and a step size of 80 nm.
Electron channeling contrast (ECC) imaging was performed
with a Zeiss-Merlin instrument. Samples for ECC imaging
and EBSD were firstly ground using silicon carbide paper,

followed by a 3-µm diamond suspension polishing. To remove
the deformation layer introduced by mechanical grinding, fine
polishing was carried out for about 1 h using oxide suspension
(OPS) with silica particle size around 50 nm. To further reveal
the detailed microstructures, we conducted transmission electron microscopy (TEM) analysis, using an image-corrected
FEI Titan Themis 80–300 operated in 300 kV. TEM foils
were prepared by mechanical grinding to a thickness around
100 μm followed by electropolishing, using 5% perchloric
acid in acetic acid at a temperature of 17 °C. A site-specific
focused ion beam lift-out procedure was also adapted using a
dual-beam FIB instrument (FEI Helios Nanolab 600i).
III. RESULTS
A. Effect of magnetism upon SFEs

We first perform a compositional screening of potential
TWIP/TRIP HEAs by utilizing ab initio calculations to identify and select promising alloys for further experimental
analysis. We note that previous ab initio studies reported
that the absolute value of the SFE is affected by finitetemperature excitations such as lattice vibrations [1,30,36]
and magnetic fluctuations [1,35,69]. In Ref. [1], it has, however, also been demonstrated that for Cr20 Mn20 Fex Co20 Niy
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FIG. 3. (a) TEM BF overview showing dislocation arrays and deformation twins for alloy I (Cr20 Mn24 Fe30 Co20 Ni6 , at. %) at a local strain
of ∼20%. (b) TEM WBDF showing arrays of dislocations, and the white circle is for diffraction pattern in (c). (c) Diffraction pattern showing
the presence of hcp and fcc phase. (d) Dark-field image from the (0001) spot highlighting the one hcp phase.

(x + y = 40, at. %) the chemical trends, i.e., the variation of
the SFE with chemical compositions, were hardly affected
by these contributions. To allow a computationally efficient
compositional screening, we therefore limit the discussion to
different magnetic configurations and do not explicitly include
finite temperature.
Figures 1(a) and 1(b) show the computed SFEs for
the nonequiatomic quinary alloy system Cr20 Mnx Fey Co20 Niz
(x + y + z = 60, at. %) in the PM [Fig. 1(a)] and AFM
[Fig. 1(b)] states. Here, the quinary Cr20 Mn20 Fe34 Co20 Ni6
HEA, which is known to show TRIP in experiments [1], is
set as the reference (i.e., SFE is set to zero). The magnetic
ordering is found to largely alter the compositional dependence of the SFE. In the magnetically disordered PM state
[Fig. 1(a)], the Ni content affects the SFE most significantly,
while the SFE depends to a much lesser extent on the Mn
and the Fe contents. In the magnetically ordered AFM state
[Fig. 1(b)], in contrast, contents of Mn and Fe substantially

affect the SFE, and hence the compositional dependence of
the SFE is more complex than for the PM state. In order to
estimate at which temperatures magnetically ordered AFM
states become relevant, we show in Fig. 1(c) the computed
magnetic critical temperatures Tc employing Eq. (2) by using
the energies of the PM and AFM states. Particularly around
5 at. % of Ni, alloys with increased Mn content show higher
Tc . This finding implies that Mn stabilizes the AFM state and
hence that the AFM state is more appropriate for Mn-rich
alloys to predict alloy properties at ambient temperatures.
Figure 1(d) shows the VEC of Cr20 Mnx Fey Co20 Niz (x + y +
z = 60, at. %). In this compositional space, VEC is higher in
Ni-rich HEAs while lower in Mn-rich HEAs which is due to
the higher VEC of Ni than Mn.
The SFE is empirically known to correlate with the deformation behavior of several fcc alloys [15,72–75], and the
present ab initio calculations elucidate that magnetic ordering
largely affects the compositional dependence of the SFE.
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FIG. 4. EBSD and ECCI analysis of alloy I (Cr20 Mn24 Fe30 Co20 Ni6 ) at a local strain of 60%. (a) Phase map showing the deformed area
with a high density of hcp phase (colored in green) and limited twinning (colored in white). (b) Inverse pole figure (IPF) overlapped with
image quality (IQ) figure, indicating different orientation of the grains in the investigated region. (c) First-neighbor KAM figure. (d) TEM
lamella overview from the same region as in EBSD. (e) Diffraction pattern from the dashed region in (d), showing the coexistence of hcp and
deformation twins. (f) High-resolution TEM showing the hcp region and the nanotwins embedded in fcc matrix.

To reveal further the effect of magnetic ordering upon the
deformation behavior of the HEAs in detail, we selected
the following three compositions and carried out intensive
experimental investigation. Alloy I (Cr20 Mn24 Fe30 Co20 Ni6 )
shows the SFE close to that of the reference material both
in the PM and in the AFM states. The SFE of the alloy II
(Cr20 Mn30 Fe24 Co20 Ni6 ) is close to the reference one in the
PM state but not in the AFM state. The SFE of the alloy III
(Cr20 Mn15 Fe34 Co20 Ni11 ) is slightly higher than the SFE of the

reference alloy both in the PM and in the AFM states, but still
lower than the SFE of the Cantor alloy.
The change of magnetic ordering is manifested in critical
temperature Tc . We therefore carried out magnetic measurements to determine Tc for the three alloys. The magnetization
variation with temperature is shown in Fig. 2 for the alloys I to
III for a temperature range of 5–300 K. Figure 2(a) shows that
the magnetic transition temperature for alloy I is around 160 K
independent of the magnetic field, while for alloy II, as shown
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(a)

0.5 μm

(b )

0.2 μm

FIG. 5. TEM overview for alloy II (Cr20 Mn30 Fe24 Co20 Ni6 ) at a local strain of 20%. (a) TEM overview showing dislocation arrays and
dislocation pairs. (b) Close-up of the region highlighted from (a), indicating clear planar slip character in alloy II.

in Fig. 2(b), the critical temperature is shifted to nearly 190 K.
Alloy III is shown to have the lowest transition temperature at
∼80 K [Fig. 2(c)]. Figure 2(d) presents the hysteresis loops
for the three alloys at 5 K. The M-H loops for all the alloys at
low temperature exhibit typical antiferromagnetlike behavior,
which confirms the AFM ground in this case. The experimentally observed trends of the magnetic state and magnetic
transition temperatures for all three alloys are hence consistent
with the predicted ones shown in Fig. 1(c) obtained by the ab
initio calculations. The hysteresis loops in Fig. 2(d) also show
the higher Mn contents lead to a lower magnetization value,
thereby confirming the dominant role of Mn in stabilizing the
AFM state.
B. Deformation mechanisms: TWIP vs TRIP

The deformation mechanisms of the three alloys under
investigation are further investigated after DIC-assisted tensile
testing. The initial microstructures are shown in Supplemental
Material, Fig. S2 [65]. Both EBSD and XRD results show that
alloy I has a dual hcp/fcc phase but maintains a majority of
fcc phase, while alloys II and III are single fcc structure. The
EDS mapping in Fig. S3 [65] indicates that all elements in
three alloys are homogeneously distributed, with some Mn or
Cr-enriched inclusions randomly distributed in the materials.
The tensile behavior in Fig. S4 [65] reveals an enhanced
strength and work hardening of alloys I and II compared
to alloy III and the Cantor alloy. To rationalize the tensile
behavior and understand the deformation mechanisms, we
systematically elucidate the microstructures evolution of the
three alloys under investigation at different local strains.
C. Alloy I (Cr20 Mn24 Fe30 Co20 Ni6 )

In Fig. 3, a conventional TEM micrograph for alloy I shows
the early stage microstructure at a local strain of ∼20%,
under a g condition of (200). We can see clearly two sets
of planar defects characterized by the fringe contrast. The
extended planar faults on the lower left part of Fig. 3(a)
show the similar contrast of deformation twins characterized

by the period contrast of the partial dislocations [7,76–79].
However, due to the limitation of the tilt angle during the
TEM experiment, no diffraction pattern can be obtained for
final confirmation. The TEM weak-beam dark-field (WBDF)
image in Fig. 3(b) shows another example of propagating
dislocation arrays by utilizing the same imaging condition
as in Fig. 3(a), and the white circle marks the region for
diffraction pattern (DP) in Fig. 3(c). The DP in Fig. 3(c) shows
clearly the coexistence of fcc and hcp phases with an orientation relationship of (111)fcc ||(0002)hcp /[110]fcc ||[112̄0]hcp .
Using the (0001) reflection in DP for dark-field imaging,
we can highlight the hcp phase in this region, as shown in
Fig. 3(d). The planar dislocations and the early occurrence
of deformation twins/hcp phase indicate also a low SFE for
alloy I.
With an increase of the local strain to 60%, fcc to hcp phase
transformation is clearly observed, and it is obvious hcp phase
prevails. Figure 4 shows a representative EBSD map along
with TEM micrographs from the same region. The phase map
in Fig. 4(a) clearly shows a high volume fraction (∼36 vol.%)
of hcp phase induced by tensile deformation. The white lines
indicate 3 deformation twins in the fcc matrix phase, which
evidences the coexistence of TRIP and TWIP. From Fig. 4(a),
the high volume fraction of hcp phase (36%) compared to
deformation twins (4.5%) reveals that for alloy I, fcc to hcp
phase transformation is dominant. Two different hcp variants
can be identified. Figure 4(b) shows the corresponding inverse
pole figure (IPF) map blended with the image quality (IQ)
map. In Fig. 4(c), the kernel average misorientation (KAM)
map with the first-nearest neighbor is shown. KAM value is
commonly used as an approximate indicator of the density of
geometry necessary dislocations (GND) [80,81]. The KAM
map in Fig. 4(c) indicates that the boundary regions between
fcc and hcp phases have a higher fraction of GND, while
within the hcp phase region, the stress is uniformly released,
as indicated by a low KAM value level. Figure 4(d) shows
an overview of the TEM lamella obtained and the diffraction
pattern in Fig. 4(e) from the dashed circle region in Fig. 4(d)
reveals coexistence of hcp phase and deformation twins. The
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FIG. 6. EBSD and TEM analysis of alloy II (Cr20 Mn30 Fe24 Co20 Ni6 ) at a local strain of 70%. (a) Phase map showing the deformed area
with intense twinning (colored in white) and no phase transformation. (b) IPF overlapped with IQ figure. (c) KAM map of first neighbor. (d)
TEM overview of the lamella for analysis from the same region as in EBSD. (e) Diffraction pattern from dashed region in (d) showing the
presence of deformation twins. (f) Dark-field image from the yellow circle in (e) highlighting nanotwins in the region.

deformation twins embedded in the fcc matrix are of nanosize,
as shown in Fig. 4(e).
D. Alloy II (Cr20 Mn30 Fe24 Co20 Ni6 )

Similarly, TEM characterization was carried out for alloy
II. Figure 5 shows representative microstructures at a local
strain of 20%. Figure 5(a) exhibits an array of dislocations
at 20% local strain, and a close-up in Fig. 5(b) reveals
that dislocation pairs are narrowly spaced. Dislocation arrays

normally indicate planar slip. Compared to alloy I, alloy II
has much lower probability for generating deformation twins
or stacking faults.
Combined EBSD and TEM analysis for alloy II were
carried out for identification of dominant deformation mechanisms, as shown in Fig. 6. The phase map in Fig. 6(a)
indicates that the deformed microstructure contains a single
fcc phase and a high density of deformation twins at a local
strain of 70%. Two different variants of deformation twins
can be identified, and no hcp phase is observed. Generation
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(a)

(b)

SF
0.5 μm

0.5 μm

FIG. 7. TEM images showing typical microstructure of alloy III (Cr20 Mn15 Fe34 Co20 Ni11 ) at a local strain of ∼30% under a g condition of
(200). (a) TEM BF showing dislocations in a wavy mode and traces of planar slip. (b) TEM WBDF highlights the contrast of the same region
as in (a) and the contrast of random SFs.

of deformation twins with different variants refines the grains,
acting as dynamic Hall-Petch effect. Figure 6(b) shows the
joint IPF and IQ maps revealing different orientations of the
grains in this region. The KAM map in Fig. 6(c) shows that
twin boundaries accumulate more dislocations compared to
the grain interiors. TEM analysis in Figs. 6(d)–6(f) shows
a high density of dislocations and deformation twins. The
selected area diffraction pattern (SADP) in Fig. 6(e) confirms
the generation of deformation twins with the satellite spots.
By selecting diffraction spot of the twinning regions, as
highlighted by the yellow circle in Fig. 6(e), the nanosized
deformation twins are highlighted in the dark-field image in
Fig. 6(f).
E. Alloy III (Cr20 Mn15 Fe34 Co20 Ni11 )

In alloy III, dislocation tangles were observed at the early
deformation stage (30% local strain) of tensile deformation as
shown in Fig. 7, indicating a wavy slip mode. Some planar
slip traces can still be observed as indicated by dashed lines in
TEM BF (Fig. 7(a)]. WBDF images in Fig. 7(b) highlight the
contrast of few randomly distributed SFs. The observation of
dislocations tangling at this deformation stage also indicates
that alloy III has a higher SFE compared to alloys I and II.
The EBSD phase map in Fig. 8(a) shows intense deformation twins (23.4%) at a local strain around 80%. A negligible
small fraction of hcp phase (1.4 vol. %) can be observed, as
highlighted in the phase map. The twins at the lower-right
part of Fig. 8(a) appears twisted, which indicates further
accommodation of deformation. The KAM map in Fig. 8(c)
reveals an overall higher GND density compared to alloys I
and II.
The intense twinning in alloy III is further shown by scanning/transmission electron microscopy (S/TEM) analysis in
Fig. 8(d)–8(f). Figure 8(d) shows a TEM BF image taken from
the same EBSD region as in Fig. 7. The thin and straight slices

in the left part of the image are deformation twins in near
edge-on condition. The twinning features are confirmed by
the twin side spot in the SADP, right inset in Fig. 8(d). Figure
8(e) provides a clearer image showing regions of continuous
twinning at a higher magnification in STEM mode. Figure 8(f)
further displays one example of an edge-on deformation twin
with around 16 atomic layers. Combined EBSD and TEM
analysis in Fig. 8 reveals the dominant role of deformation
twinning in alloy III.
IV. DISCUSSION

Revealed by both ab initio calculation and the microstructural investigation, it is clear that magnetic ordering (disordered PM state vs ordered AFM state) plays
a vital role in determining SFE and correspondingly
the deformation mechanism. The ab initio calculations
in Fig. 1 clearly show the difference of the SFE for
PM and AFM magnetic states. Alloy III has a lower
magnetic critical temperature than the reference alloy
(Cr20 Mn20 Fe34 Co20 Ni6 ), alloy I (Cr20 Mn24 Fe30 Co20 Ni6 ), and
alloy II (Cr20 Mn30 Fe24 Co20 Ni6 ). This implies that at ambient temperatures the behavior of alloy III could be more
realistically modeled by assuming a PM state rather than
an ordered magnetic AFM state. Hence, the SFEs of the
alloys with compositions close to alloy III are more likely to
follow the trend of the PM calculations shown in Fig. 1(a), in
which alloy III also shows a higher SFE as compared to the
reference Cr20 Mn20 Fe34 Co20 Ni6 alloy. This is consistent with
the observation of dislocation tanging and intense deformation
twinning observed in alloy III after tensile deformation.
Alloy II, in contrast, has a substantially higher
magnetic critical temperature compared to the reference
Cr20 Mn20 Fe34 Co20 Ni6 alloy as well as alloy I [Fig. 1(c) and
Fig. 2]. This implies that, at room temperature, the behavior
of alloy II may be more realistically modeled by an ordered
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FIG. 8. EBSD and S/TEM analysis of alloy III (Cr20 Mn15 Fe34 Co20 Ni11 ) at a local strain of 80%. (a) Phase map showing the deformed area
with a small fraction of hcp phase (colored in green) and intense twinning (colored in white). (b) IPF overlapped with IQ figure showing twisted
twined region. (c) KAM map of first neighbor. (d) TEM overview showing a high density of twins with embedded SADP in the right corner.
(e) STEM BF overview of the same region as in (a) at higher magnification. (f) STEM HAADF image showing an example of a deformation
twin from (b) with around 16 atomic layers.

magnetic state rather than by an idealized PM state. The SFEs
of the alloys with compositions close to that of alloy II then
follow the trend shown in Fig. 1(b), in which alloy II is higher
in the SFE than the reference Cr20 Mn20 Fe34 Co20 Ni6 alloy.
This is, again, consistent with the observation in the present
experiments that alloy II shows TWIP rather than TRIP.
Alloys I and II, as well as the reference TWIP alloy
Cr20 Mn20 Fe34 Co20 Ni6 , have the same concentrations of Cr,
Co, and Ni, but vary in Mn contents. The role of Mn,
specifically regarding its influence on magnetism, has been
investigated in several other alloy classes. For example, in
shape-memory alloys, Mn plays a special role in changing
both the starting temperature for martensitic transformation

and the Néel temperature [82–85]. In these cases, an increasing Mn content can simultaneously decrease the starting
temperature for martensitic transformation and increase the
Néel temperature, thus stabilizing the fcc austenite. This trend
is also consistent with those shown in other HEA systems
such as quaternary [86] and ternary alloys [30]. In the present
case, as shown in Figs. 1 and 2, a higher Mn content in alloy
II increases the critical magnetic temperature as compared to
alloy I and alloy III by stabilizing an AFM state. The interplay
between magnetism and phase stability alters correspondingly
the SFE of the alloys. The different deformation modes for the
three alloys manifest in return the differences in their SFEs,
which is due to the influence of the magnetic properties.
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For non-Mn-containing HEAs, it has been found that the
VEC correlates rather well with the phase (meta-)stability and
consequently also with the prevalent deformation mechanism.
Guo et al. [31] found that for 3d transition-element-based
HEAs without Mn, the fcc phase is stable when VEC࣡8 and
that the bcc phase appears for lower VEC. Chen et al. [32]
confirmed similar trends for CrFeCoNi-based HEAs with Al,
Cu, and Mo but again without Mn. Fang et al. [33] have found
that CrFeCoNi-based HEAs without Mn are prone to show
TRIP when VEC≈8 due to the metastability of the fcc phase.
These trends are, however, not observed for Mn-containing
HEAs, as pointed out in Refs. [31,33] and also in the present
work. The present three Mn-containing HEAs confirm that
the correlation between VEC and TRIP probability is weak.
While all the three investigated HEAs have VECs below 7.9,
only alloy I is TRIP dominant, and the other two alloys still
show a stable fcc phase. Alloy II (Cr20 Mn30 Fe24 Co20 Ni6 )
shows TWIP rather than TRIP, albeit alloy II has a lower VEC
than the reference alloy. As described above, this unexpected
behavior of Mn-including HEAs can be likely attributed to
the impact of Mn on the magnetic properties. The magnetic
critical temperature increases with the increase of the Mn
content [Fig. 1(c) and Fig. 2], which could result in a larger
fraction of magnetically ordered configurations also at ambient temperatures. The delicate interplay between magnetism
and phase stability for Mn-containing alloys therefore renders
the reduction of phase stability and correspondingly the values
of SFEs to a simple VEC descriptor difficult or even misleading. This finding hence suggests the crucial role in ab initio
calculations that are capable to capture such magnetic effects.
Grain size is also another important parameter which influences the probability of TRIP and TWIP. In low-SFE fcc
alloys, the onset of the TWIP/TRIP behavior usually occurs
at an earlier deformation stage for specimens with large grain
sizes compared to those with smaller grain sizes [87–89], i.e.,
the grain size influences activation of TRIP/TWIP kinetically
but it is not the determining factor for triggering TWIP/TRIP
effect in the materials. Hence, grain size is not the essentially

determining factor for the observed different deformation
modes for the three alloys under investigation.
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