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A B S T R A C T

High-performance structural materials with low cost are highly desirable yet challenging. Here we report a novel 
Co-free FeMn0.7Ni0.6Cr0.4Al0.3 high entropy alloy (HEA) possessing in situ-formed lamellar structure fabricated by 
a vacuum arc melting method. The alloy is composed of alternating disordered face centered cubic (FCC) 
lamellae and disordered body centered cubic (BCC) lamellae, with a few ordered BCC (B2) precipitates 
embedded in the FCC matrix and a high-density B2 precipitates embedded in the BCC matrix. The composite-like 
lamellar structure renders this as-cast alloy with extraordinary tensile properties with a yield strength of ~635 
MPa and an ultimate tensile strength of ~1061 MPa, together with an elongation of ~19.4% at room temper
ature, primarily ascribing to the lamellar boundary strengthening. This as-cast cost-effective FeMn0.7Ni0.6C
r0.4Al0.3 alloy with lamellar structure and outstanding tensile properties is highly suitable for manufacturing 
high-performance metallic products by direct casting.   

1. Introduction

The requirements for high-performance structural materials have
become urgent along with scientific and technological innovation. The 
emergence of high-entropy alloys (HEAs), with no single dominant 
element in contrary to conventional dilute alloys, has opened up the 
broad compositional space for the discovery of new alloys and unprec
edented properties [1–4]. By utilizing this unconventional alloying 
design concept, a wide variety of novel HEAs with exceptional me
chanical and physical properties have been continuously explored over 
the past decade [4–6]. For instance, Li et al. designed a non-equiatomic 
CoFeNiTaAl HEA with a tensile strength of 1336 MPa combined with an 
elongation of 54%, high electrical resistivity of 103 μΩ cm, and 
extremely low coercivity of 78 A m 1 [4]. The precipitate-hardening 
(CoFeNi)86Al7Ti7 HEA consisting of a disordered FCC matrix and high 
amount of ordered FCC nanoprecipitates presents an extraordinary 
balance between tensile strength and ductility [6]. However, almost all 
the available HEAs with high-performance contain high content of Co 
element, which is a strategic material and quite expensive compared 
with other elements, accordingly restricting their actual industrial 

application seriously [7,8]. 
Therefore, some researchers have developed a series of Co-free 

FeMnNiCrAl-based HEAs recently [7–12]. For instance, the coherent 
nanoprecipitates strengthened Ni47-xFe30Cr12Mn8AlxTi3 and 
(FeNi)67Cr15Mn10Al8-xTix HEAs prepared by thermomechanical treat
ments display excellent strength-ductility synergy [8,9]. Wu et al. 
designed a low-cost Fe40Mn10Ni25Cr25 HEA with partially recrystallized 
heterogeneous microstructure and good combinations of high yield 
strength (~710 MPa) and good ductility (~18%) [10]. Nevertheless, it 
has been found that the tensile properties of the as-cast FeMnNiCrAl 
HEAs are still not acceptable up to now. The as-cast non-equiatomic 
FeMnNiCrAl HEAs with a single FCC phase exhibit outstanding ductility 
but extremely low yield strength [8–10]. Whereas some BCC-structured 
HEAs (Fe36Mn21Cr18Ni15Al10 [11], Al0.5FeMnNiCrCu0.5 [12]) are char
acterized by their ultra-high compressive strength but insufficient 
ductility at room temperature. Recent studies suggest that establishing a 
dual-phase or multi-phase structure is an effective approach to improve 
the mechanical properties of high entropy alloys [13–15]. For example, 
with the addition of Ni to the AlCoCrFeTi0.5 HEAs, FCC/BCC (A2+B2) 
multi-phase structure was obtained in the newly developed alloys and 
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2. Experimental

The FeMn0.7Ni0.6Cr0.4Al0.3 (Fe33.33Mn23.33Ni20Cr13.34Al10 in at. %)
HEA ingots were fabricated by vacuum arc melting using the mixtures of 
Fe, Mn, Ni, Cr, and Al metal pieces (purities >99.8 wt%) as starting 
materials under a high-purity argon atmosphere. The ingots were flip
ped over and remelted five times with electromagnetic stirring to ensure 
chemical homogeneity. The melt was then drop-casted into a copper 
mold with dimensions of 70 × 10 × 10 mm3 by gravity. The crystal 
structures were detected by X-ray diffraction (XRD, PANalytical X’Pert 
Powder) using Cu Kα radiation in 2θ range from 20◦ to 100◦. The 
microstructure morphology was observed using a Zeiss Auriga 60 
scanning electron microscope (SEM) in backscatter electron (BSE) mode. 
SEM samples were polished down to 7000-grit SiC paper and followed 
by electrochemical polishing with a direct voltage of 20 V at 253 K. The 
transmission electron microscopy (TEM) analysis was conducted on FEI 
Titan Themis-Z equipped with double aberration correctors. The high 
angle annular dark field scanning TEM (HAADF-STEM) and electron 
energy-loss spectroscopy (EELS) were conducted to investigate the 
elemental distributions. Dog-bone tensile specimens were fabricated by 
electrical discharge machining with a gauge length of 10 mm, a thick
ness of ~1.1 mm, and a width of ~3 mm. Uniaxial tensile tests were 
performed on a Zwick/Roell Z020 universal testing machine with a 
nominal strain rate of 1 × 10 3 s 1 at ambient temperature. The strain 
was calibrated using a mechanical extensometer and four samples were 
tested to ensure reliability. 

3. Result and discussion

The XRD pattern shown in Fig. 1(a) suggests that the as-cast
FeMn0.7Ni0.6Cr0.4Al0.3 HEA is primarily composed of FCC and BCC/B2 
phases. The low-angle superlattice diffraction peak at 2θ of 30.92◦ is 
attributed to the (100) planes of the ordered BCC (B2) phase, indicating 
that partial or entire BCC phase exhibit B2 structure. Fig. 1(b) shows a 
representative low-magnification BSE image, revealing that the as-cast 
FeMn0.7Ni0.6Cr0.4Al0.3 HEA exhibits an alternating lamellar micro
structure. A further observation from the high-magnification BSE image 
(Fig. 1(c)) shows that there are two kinds of lamellae with different 

morphologies and contrast, i.e., bright lamellae with high-density pre
cipitates and gray lamellae with a few precipitates. A statistical analysis 
using ImageJ software shows that, the thickness of bright lamellae and 
gray lamellae are estimated to be ~1.08 μm and ~1.36 μm, and their 
corresponding contents are ~44.26 vol% and ~55.74 vol%, 
respectively. 

TEM investigation results of the as-cast FeMn0.7Ni0.6Cr0.4Al0.3 HEA 
are displayed in Fig. 2. The bright-field (BF) TEM image presented in 
Fig. 2(a) further confirms the in-situ lamellar composite-like solidifica
tion microstructure, consisting of two distinctly different lamellae. The 
microstructure of lamellae I contains high-density of precipitates, while 
a few precipitates are embedded in lamellae II. The corresponding 
selected area electron diffraction (SAED) patterns presented in Fig. 2(b) 
and (c) show that the matrixes of lamellae I and lamellae II are disor
dered BCC and disordered FCC phases, respectively. The SAED patterns 
of precipitates in BCC lamellae and precipitates in FCC lamellae are 
shown in Fig. 2(d) and (e), respectively. The presence of superlattice 
reflections indicates that the two kinds of precipitates both are ordered 
BCC (B2) structure. The size distribution and volume fraction of the B2- 
structured precipitates were estimated from the high-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) 
images containing more than 200 particles via ImageJ software. A 
representative HAADF-STEM image at a relatively low-magnification is 
shown in Fig. 2(f). The volume fractions of B2 precipitates in the FCC 
and BCC lamellae were estimated to be ~5.0 vol% and ~22.2 vol%, 
respectively. The size distribution of B2 precipitates in the FCC and BCC 
lamellae are plotted in Fig. 2(g) and (h), of which the average precipitate 
diameters are ~278 nm within FCC lamellae and ~332 nm within BCC 
lamellae. 

Fig. 3 displays the HAADF-STEM micrograph and corresponding 
electron energy-loss spectroscopy (EELS) maps for the individual ele
ments of Al, Cr, Mn, Fe, and Ni in the current alloy. According to the 
EELS maps and EDS/TEM results (as shown in Table 1), the BCC- 
structured matrix of lamellae I contains higher contents of Fe 
(~41.61 at.%) and Cr (~30.81 at.%), while the precipitates are enriched 
in Ni (~37.79 at.%) and Al (~26.51 at.%), which is consistent with high 
contents of Al and Ni favoring the formation of B2 phase in HEAs [11,16, 
17]. In lamellae II, the FCC-structured matrix is depleted in Al (~4.32 at. 
%) and Cr (~9.81 at.%), whereas the precipitates are likely to have 
similar chemical compositions to those of the precipitates embedded in 
the BCC lamellae. 

Fig. 4(a) displays the typical engineering (red line) and true (blue 
line) tensile stress-strain curve of the as-cast FeMn0.7Ni0.6Cr0.4Al0.3 
specimens. The engineering 0.2% offset yield strength (σe

0.2), ultimate 
tensile strength (σe

UTS), and total elongation (Ele) were ~635 ± 12 MPa, 
~1061 ± 23 MPa, and ~19.5 ± 0.9%, respectively, revealing that the 
lamellar-type microstructure renders the alloy with an excellent com
bination of strength and ductility. When the engineering stress-strain 
curve was converted into a true stress-strain curve, the calculated true 
yield strength (σt

0.2), true ultimate tensile strength (σt
UTS), and uniform 

elongation (Elt) are ~641 MPa, ~1266 MPa and ~17.8%, respectively. 
The strength difference between σe

UTS and σe
0.2 is as high as 426 MPa (i.e., 

σe
UTS – σe

0.2 = 426 MPa), and the σt
UTS is near twice the σt

0.2 in the as-cast 

Fig. 1. XRD and SEM analyses for the as-cast FeMn0.7Ni0.6Cr0.4Al0.3 HEA. (a) XRD pattern showing the phase composition, (b) Representative low-magnification BSE 
image, (c) High-magnification BSE image. 

exhibited enhanced compressive strength [13]. The AlCoCrFeNi2.1 
eutectic HEA developed by Lu et al., consisting of alternating lamellar 
FCC/B2 structure, exhibited an ultimate tensile strength of ~1040 MPa 
with an elongation of ~17.1% in the as-cast state [15]. 

In this study, we developed a novel Co-free FeMn0.7Ni0.6Cr0.4Al0.3 
HEA based on previously reported BCC-structured Fe36Mn21Ni15C-
r18Al10 HEA. In our design, different from the widely used alloy design 
strategies of varying the Al concentration, we modulate the phase pro-
portion and microstructure by increasing the ratio of Ni/Cr aiming at 
obtaining FCC + BCC dual-phase microstructure. Comprehensive 
microstructure characterization and analysis of mechanical properties 
revealed that the studied alloy shows a novel in situ-formed lamellar 
structure and exhibits an excellent combination of high tensile strength 
and ductility. 



FeMn0.7Ni0.6Cr0.4Al0.3 alloy, implying an extraordinary strain- 
hardening capability that accounts for the observed high tensile 
strength and good ductility. The strain-hardening rate (SHR) by differ
entiating the true stress over true strain during tensile deformation was 
obtained to analyze the strain hardening quantitatively. The resulting 
SHR (dσt/dεt) versus true strain (εt) curve shown in Fig. 4(b) displays a 
typical three-stage hardening behavior with the increase of strain, as 
widely observed in other as-cast metallic materials [15,18]. In the first 
stage (εt < 3.2%), the SHR first presents a dramatic drop. And then, the 
SHR slightly decreases from 5.6 GPa to 1.7 GPa in the wide εt range of 

3.2%–17.1% in the second stage, which is a prerequisite for excellent 
tensile ductility. Finally, in the third stage, the SHR shows a sharp 
reduction until tensile neckdown, which usually is attributed to the 
exhausted deformability of alloys [18,19]. 

Previous research on the lamellar structured FCC/B2 HEAs revealed 
that dislocations initially engage upon propagation within the soft FCC 
lamellae, and initial plastic deformation occurs only in the FCC lamellae, 
since the FCC phases are notably softer than the BCC phases [18,20–22]. 
Hence, the parameter controlling the total yield strength is the thickness 
and physical properties of soft FCC lamellae [20,21]. It should be noted 

Fig. 2. TEM characterization of the as-cast FeMn0.7Ni0.6Cr0.4Al0.3 HEA. (a) Bright field TEM image, (b–e) Corresponding SAED patterns of phases in current alloy, (f) 
HAADF-STEM image. (g) Size distribution of precipitates dispersed in FCC lamellae, (h) Size distribution of precipitates dispersed in BCC lamellae. 

Fig. 3. HAADF-STEM image and corresponding EELS maps for the individual elements of Al, Cr, Mn, Fe, and Ni, respectively.  



that the strengthening mechanisms in most metallic materials are 
summarized into four categories: dislocation hardening (ΔσD), 
grain-boundary hardening (ΔσG), solid-solution hardening (ΔσS), and 
particles hardening (ΔσP), which are considered to operate indepen
dently [23]. So, the yield strength of FCC lamellae can be evaluated as: 

σ0.2 = σ0 + ΔσD + ΔσG + ΔσS + ΔσP

where σ0 = 125 MPa is the lattice friction strength, which is adopted 
from the widely cited equiatomic FeMnNiCoCr HEA [24]. ΔσD is the 
strength contribution from dislocation hardening, which usually is 
ignored for as-cast alloys [12]. It was documented that the classical 
Hall-Petch relationship also describes the yield strength of lamellar 
structures [20–22]. Based on the Hall-Petch modeling, the lamellar 
boundaries strengthening could be evaluated by ΔσG = k (λ) 1/2, where 
k = 494 MPa μm1/2 is the Hall-Petch coefficient taken from the FeMn
NiCoCr HEA [24] and λ = 1.36 μm is the average thickness of FCC 
lamellae. Therefore, the strengthening of FCC/BCC lamellar boundaries 
to the yield strength can be calculated as ΔσG = 423.6 MPa, which 
provides the dominant contribution to the macroscopic yield strength. 

For the FeMnNiCrAl alloy system, the Al atom has a larger atomic 
radius (0.143 nm), while the atomic sizes of Fe, Mn, Ni, and Cr are very 
close (~0.124 nm), and thus Al is simply treated as the solute in the 

FeMnNiCr solvent matrix to evaluate the strength enhancement caused 
by solid-solution hardening. The value of solid-solution strengthening 
induced by Al is expressed as [23]: 

ΔσS =M⋅G⋅ε3/2
S

c1/2

700  

in which M = 3.06 is the Taylor factor [23,25], G = 46.78 GPa is the 
shear modulus of Al [23], c = 4.32% is the concentration of Al in FCC 
phase (see Table 1), and εS is the interaction parameter expressed by the 
following equation: 

εS = |εG/(1 + 0.5εG) – 3εa|

where εa = 1/a⋅∂a/∂c is the atomic size misfit parameter, a ≈0.361 nm is 
the lattice constant of the solvent matrix acquired from the XRD result 
(Fig. 1(a)), ∂a/∂c is calculated as 0.0528, and the εG could be neglected 
compared with εa [23]. Substituting all the parameters, the 
solid-solution strengthening is estimated as ~14.5 MPa. 

Precipitates are expected to reinforce the solid solution matrix either 
through dislocation shearing mechanisms or the Orowan bypassing 
mechanism, which depends on the interactions between moving dislo
cations and precipitates. The shearing mechanism will be the dominant 
mechanism when the precipitates are small and coherent with the ma
trix, whereas the Orowan bypassing mechanism occurs when the pre
cipitates are large or incoherent with the matrix [7–9,23,25]. In this 
work, since the B2 precipitates exhibiting a large average diameter of 
~278 nm are incoherent with the FCC matrix, the Orowan bypassing 
mechanism should be employed to calculate the precipitation 
strengthening, which can be expressed as follow [23,25]: 

ΔσP = 0.4 ⋅ M ⋅ G⋅b
ln

(
2

̅̅̅̅̅̅
2 /3

√
r/b

)

λp π
̅̅̅̅̅̅̅̅̅̅̅
1 v

√

where M = 3.06 is the Taylor factor [23,25], G is the shear modulus 
(78.5 GPa) [25], b ≈ 0.255 nm is the Burgers vector for the FCC struc
ture, r = 139 nm is the average radius of the B2 precipitates, v = 0.31 is 
the Poisson’s ratio for the FCC HEAs, λP = 2 

̅̅̅̅̅̅̅
2 /3

√
r (

̅̅̅̅̅̅̅̅̅
π/4f

√
– 1) is the

Regions Al Cr Mn Fe Ni Volume 
fraction (%) 

Nominal 10.00 13.33 23.33 33.34 20.00 – 
Matrix of FCC 

lamellae 
4.32 9.81 24.83 40.92 20.12 50.7 

Precipitates in FCC 
lamellae 

25.84 5.12 18.92 13.61 36.51 5.0 

Matrix of BCC 
lamellae 

2.53 30.81 23.53 41.61 1.52 22.1 

Precipitates in 
BCC lamellae 

26.51 4.33 20.24 11.13 37.79 22.2  

Fig. 4. Tensile properties of the as-cast FeMn0.7Ni0.6Cr0.4Al0.3 HEA at room temperature. (a) Representative uniaxial tensile stress-strain curves, (b) Corresponding 
strain hardening rate (dσt/dεt) versus true strain (εt) curve, (c) Tensile yield strength versus elongation in comparison with the as-cast HEAs reported in the liter
atures, (d) Raw material cost comparison of several HEAs, showing the lower cost of current alloy. 

Table 1 
Chemical compositions obtained via TEM-EDS (in at.%) and volume fraction (%) 
of different phases in as-cast FeMn0.7Ni0.6Cr0.4Al0.3 HEA.  



Fig. 4(c) compares the tensile properties (σe
0.2/Ele) of typical eutectic 

HEAs [15,18,26–28], non-equiatomic FeMnNiCrAl HEAs [9–12], and 
several multi-phase HEAs [25,29–31] fabricated by casting methods. 
Evidently, the FeMn0.7Ni0.6Cr0.4Al0.3 alloy shows the best tensile prop
erties among all the above-mentioned alloys, indicating that FCC/BCC 
lamellar structure has significantly enhanced strength and ductility 
simultaneously. Moreover, Fig. 4(d) represents the raw material cost of 
some previously developed high-performance HEAs. The HEAs’ raw 
material cost was estimated by summing the prices of the constituent 
elements. The prices of elements were obtained from the website 
https://www.metal.com/price/. Undoubtedly, the studied alloy fabri
cated with relatively cheap components (Fe and Mn) is much more 
economical than the other HEAs owing to the removal of costly Co 
element. In addition, as the tensile strength and ductility were obtained 
for the as-cast state, thermo-mechanical processing and/or heat treat
ment could be used to optimize the microstructure and thereby further 
enhance the mechanical properties of this alloy. Therefore, the studied 
Co-free FeMn0.7Ni0.6Cr0.4Al0.3 HEA has successfully achieved an excel
lent combination of high-performance and cost-effectiveness, offering 
great potential for engineering applications. 

4. Conclusion

In conclusion, a novel cost-effective FeMn0.7Ni0.6Cr0.4Al0.3 HEA with
outstanding mechanical properties was successfully designed and pre
pared by conventional melting method. The alloy was composed of 
alternating lamellae with disordered FCC and disordered BCC structure, 
with a few ordered Ni, Al-enriched BCC (B2) precipitates embedded in 
the Al, Cr-depleted FCC matrix and high-density of B2 precipitates 
embedded in the Fe, Cr-enriched BCC matrix homogeneously. The as- 
cast HEA possesses a superior strength-ductility combination, i.e., a 
yield strength of ~635 MPa, an ultimate strength of ~1061 MPa, and 
total elongation of ~19.4% at room temperature, which could be pri
marily attributed to the lamellar boundary strengthening. The excellent 
as-cast properties and low-cost advantage render this alloy strong pos
sibility to manufacture high-performance metallic products by direct 
casting. 
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