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Abstract
The microstructures and tension properties of Fe50Mn20Cr20Ni10 medium entropy alloy (MEA) were investigated, which

was produced by vacuum induction melting and subsequently was homogenized at 1200 �C for 6 h. Microstructure

characterization shows the single-phase solid solution with face-centered cubic structure by means of transmission electron

microscopy and scanning electron microscopy combined with energy disperse spectroscopy. Our Fe-MEA has an ultimate

tensile strength of 550 ± 10 MPa and a high strain hardening exponent, n, of 0.41 as well as a higher ductility (60%) than

those of CrMnFeCoNi alloy. The single-phase solid solution deforms plastically via dislocations and twins. Twin

boundaries associated with deformation twinning impede dislocation motion, enhancing the strain hardening capacity. This

article focuses on the insights into the concept of Fe-MEAs and provides a potential direction for the future development of

high entropy alloys and MEAs.
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1 Introduction

Conventional alloys usually contain only one or two pri-

mary elements, with small amounts of alloying elements

added to enhance specific physical and/or mechanical

properties. In contrast, medium and high entropy alloys

(MEAs and HEAs) consist of at least four principal ele-

ments with approximately equal proportions [1–3]. The

increased number of elements not only greatly expands

possible alloy composition spaces and potential for

promising new alloys [4] but also leads to excellent

mechanical properties [5–9] with a good combination of

strength, ductility and toughness at room temperature and

cryogenic temperatures.

A representative example is the equiatomic

FeCoCrMnNi HEA, and under quasi-static uniaxial tensile

loading, the room-temperature mechanical performances of

FeCoCrMnNi HEA are super to those of simple binary Fe–

Mn alloys [10]. On the other hand, Gludovatz et al. [11]

recently reported that the mechanical performance of

equiatomic FeCoCrMnNi alloy is better than that of all

conventional alloys under cryogenic conditions. The frac-

ture toughness values measured by compact tension test at

cryogenic temperatures down to 77 K were found to

exceed 200 MPa m1/2 at crack initiation and 300 MPa m1/2

for stable crack growth. The potential deformation mech-

anism that is associated with these excellent properties is

owing to nano-twins, which is absent at ambient temper-

atures [12]. Generally, the deformation mechanisms and

stacking fault energy (SFE) have the following relation-

ships in high manganese twinning induced plasticity

(TWIP) steels: (i) the dislocation slip with SFEs larger than

60 mJ m-2; (ii) the twinning with SFEs between 20 and

60 mJ m-2; and (iii) transformation from face-centered

cubic (FCC) to hexagonal close-packed phase, i.e., trans-

formation induced plasticity (TRIP), with SFEs lower than

20 mJ m-2 [13–16].
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In this study, we purposefully designed non-equiatomic

FCC-based MEAs with four principle elements (i.e., Fe,

Mn, Cr and Ni) and successfully developed a non-equia-

tomic FCC Fe50Mn20Cr20Ni10 MEA using an appropriate

adjustment of composition ratio to decrease SFE in order to

promote twinning and reduce the cost of alloy. The

designed Fe50Mn20Cr20Ni10 MEA shows dislocation and

twinning co-dominated deformation mechanism. The effect

of SFE on the deformation mode is discussed in detail. This

work provides a guide for the design of high-performance

and low-cost second-generation Fe-MEAs or HEAs for

extensive applications.

2 Experimental

An Fe50Mn20Cr20Ni10 MEA was fabricated using a vacuum

induction melting equipment under an argon atmosphere

using commercial pure elements (the purity of each raw

material was 99.9% at least). Raw materials were alloyed

in a boron nitride crucible to make a master alloy of 350 g

in weight. Additional 5 wt.% Mn was added to compensate

for the loss of Mn by evaporation during melting. The

master alloy was molten and poured into rectangular cop-

per molds (length of 30 mm, width of 30 mm, and thick-

ness of 100 mm). The alloys were re-melted twice to

ensure chemical homogeneity and were homogenized at

1200 �C for 6 h. The phase structure was characterized by

X-ray diffraction (XRD) using a Rigaku UltimalV

diffractometer. Transmission electron microscopy (TEM)

observations were performed using a JEM-F200 micro-

scope operating at 200 kV. Scanning electron microscope

(SEM) was operated at 20 kV and a sample tilt of 70�. The
tensile samples with gauge length of 10 mm and width of

3 mm were cut into a dog-bone shape using the electrical

discharge machine. Tensile tests were carried out at a strain

rate of 1 9 10–3 s-1 using an Instron 5969 materials test-

ing machine at room temperature (293 K).

3 Results and discussion

3.1 Design strategy of a novel Fe-MEA

The alloy design strategy is based on the following con-

siderations: (i) as reported elsewhere [17], SFE of the

equiatomic FeMnNiCoCr HEA was determined to be

25 mJ/m2 using a combination of density functional theory

calculations and XRD experiments. Reducing Ni and Co

contents would lower SFE and alloying costs and increase

the potential industrial applicability of the alloys. (ii) It is

well known that stainless steels have good corrosion

resistance because of the addition of a large number of

alloying elements including Cr [18]. And (iii) as recently

reported in Ref. [19], Fe40Mn20Cr20Ni20 MEA exhibits

deformation nano-twins at cryogenic temperatures. Nev-

ertheless, it is absent at ambient temperature. Thus, to

avoid the brittle sigma phase, reduce cost and achieve

TWIP effect in a single FCC phase microstructure, Fe50-
Mn20Cr20Ni10 alloy with reduced Ni content and Co totally

removed is developed.

As shown in Table 1, some thermodynamic parameters

of the present alloy have been calculated, including the

mixed entropy (DSmix), mixing enthalpy (DHmix), misfit of

atomic radius (d), electronegativity difference (Dv) and

valance electron concentration (VEC). Table 1 suggests

that these parameters all meet the phase formation criterion

and are beneficial to obtaining simple FCC solid solutions.

3.2 Microstructure

Figure 1a shows SEM image of the homogenized Fe50-
Mn20Cr20Ni10 MEA, which was composed of fully

recrystallized equiaxed grains with an average grain size

of * 100 lm. And it can be concluded that the crystal

orientations were random without any texture. A region

containing a normal grain boundary (GB) of the homoge-

nized alloy was prepared for compositional homogeneity

analysis by energy-dispersive spectrum (EDS), as shown in

Fig. 1b. The accurate composition of the homogenized

alloy was obtained by conducting a comprehensive chem-

ical analysis and the results are listed in Table 2. All the

alloying elements (Fe, Mn, Cr and Ni) were homogenously

distributed without apparent elemental segregation or sec-

ondary phases, indicating that Fe-based MEA has a uni-

form microstructure and is a random solid solution. This is

different from FeMn- and FeMnNi-based alloys in which

Mn segregation at GBs is usually found [20–22]. Figure 2

exhibits XRD patterns of the homogenized sample, which

indicates that the present alloy has single-phase FCC

structure, i.e., an austenite-type structure. Moreover, ac is

the austenite lattice parameter that can be calculated as to

be 0.365 nm by the following equation:

ac ¼ dhkl �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

ð1Þ

where dhkl is the inter-planar spacing at austenite

Table 1 Calculated parameters of Fe50Mn20Cr20Ni10 and HEA phase

formation criteria [34, 35]

Parameter DSmix DHmix/(kJ mol-1) d/% VEC Dv

Alloy 10.14 -1.68 3.994 7.6 0.124

Criterion (-15)–(?5) B 6.6
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reflections {hkl}. dhkl is related to the angular position

(hhkl) and X-ray wavelength (k) as follows:

dhkl ¼ k=2 sin hhkl ð2Þ

3.3 Mechanical properties at room temperature

Figure 3 shows the tensile stress–strain and strain harden-

ing rate curves of Fe50Mn20Cr20Ni10 MEA at room tem-

perature. The alloy has a yield strength of 300 ± 10 MPa,

an ultimate tensile strength of 550 ± 10 MPa and tensile

ductility of 60% ± 5%, which are comparable to those of

CrMnFeCoNi [11, 23], CrMnFeCo [6, 24–26] and CrFe-

CoNi HEAs [27], all of which include the element of Co.

Figure 3b shows the corresponding strain hardening rate.

Another parameter used for evaluating strain hardening

capability is the strain hardening exponent n, whose value

could be simulated by the Hollomon and Ludwick equa-

tions, respectively, as shown below [28]:

r ¼ Kenp ð3Þ

r ¼ r0 þ Kenp ð4Þ

where r is true stress; r0 is the yield strength; ep is true

strain; and K is a strength coefficient representing the true

stress when ep = 1. Figure 3 shows engineering and true

stress–strain curves of Fe50Mn20Cr20Ni10 MEA and Fig. 4

is the simulated curves by Hollomon and Ludwick equa-

tions. Table 3 lists the simulated values of n, K and r0 from
Hollomon and Ludwick equations. The overall n of Fe50-
Mn20Cr20Ni10 MEA is 0.41 by the Hollomon equation and

Fig. 1 Microstructures and compositional distributions in Fe50Mn20Cr20Ni10 alloy. a SEM image of homogenized sample; b SEM–EDS maps

showing homogeneous distributions of Fe, Mn, Cr and Ni elements

Table 2 Chemical composition of Fe50Mn20Cr20Ni10 alloy as determined by SEM–EDS analysis (at.%)

Element Fe Mn Cr Ni

Grains 50.6 ± 0.6 20.7 ± 0.3 19.4 ± 0.3 9.3 ± 0.2

Alloy composition 50.9 ± 1.2 20.6 ± 0.5 18.8 ± 0.6 9.7 ± 0.3

Fig. 2 XRD patterns of homogenized sample. 2h Diffraction angle
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0.63 by the Ludwick equation. The high value of n indi-

cates a high strain hardening ability for the current Fe50-
Mn20Cr20Ni10 MEA, which are superior values among

HEAs as well as TWIP and TRIP alloys [29–31]. It is

reasonable that the flow stress will remarkably increase,

since the newly formed twins refine the grain size and

introduce new interface obstacles. Therefore, the strain

hardening behavior from twinning is known as a dynamic

Hall–Petch effect. Based on Hart’s theory [32] and the

Considère criterion [33], strain hardening rate H ¼ dr
de

� �

contributed to high ductility, as it can help delay necking

and maintain elongation. Consequently, the uniform elon-

gation of Fe50Mn20Cr20Ni10 alloy is comparable to that of

other alloys and MEAs/HEAs [2, 19, 24, 25].

3.4 Prediction of yield strength

According to classical Labush model [36] for concentrated

solid solutions, already successfully applied to HEAs [37],

solid solution strengthening (SSS) caused by the atoms of i

element (DrSSi) can be described as:

DrSSi ¼ ZGf
4=3
i C

2=3
i ð5Þ

where G is the shear modulus of the alloy, 81.8 GPa; Z is a

fitting constant; Ci is the concentration of element i; ri and

Gi are i-atomic size and shear modulus; and fi is the mis-

match parameter, which can be calculated using the fol-

lowing formula:

fi ¼ dG2
i þ a2dr2i

� �1=2 ð6Þ

where dri ¼ 1
r

� �

dr=dCi and dGi ¼ 1
G dG=dCi are atomic

size and the atomic modulus mismatch parameters,

respectively; and a is a constant dependent on the type of

the mobile dislocations. Generally, a is 2–4 for the screw

dislocations and a C 16 for edge dislocations [38].

The mismatch parameters dGi and dri can be estimated

in accordance with the method proposed in Refs. [38, 39].

In an FCC lattice, each element has 12 nearest-neighbor

atoms, thus forming a 13-atom cluster. If the local envi-

ronment around the alloying element i is assumed to be

equal to the average composition of the alloy, element i has

Fig. 3 Mechanical properties of Fe50Mn20Cr20Ni10 alloy at room temperature. a Tensile engineering and true stress–strain curves; b strain

hardening rate H versus true strain

Fig. 4 Experimental true stress–strain curves of Fe50Mn20Cr20Ni10
MEA and simulated curves by Hollomon (r ¼ Kenp) and Ludwick

(r ¼ r0 þ Kenp) equations

Table 3 Simulated values of n, K and r0 from Hollomon and Lud-

wick equations

Sample Elongation/% Hollomon Ludwick

K/MPa n r0/MPa K/MPa n

HEA 0–47 1160 0.41 193 1091 0.63
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Nj = 13Cj of j-atom and Ni = 13 Ci - 1 of i-atom neigh-

bors (j = i). Then, dri and dGi mismatches in the vicinity

of the element i are estimated as an average of the atomic

size difference, drij ¼ 2 ri � rj
� �

= ri þ rj
� �

and shear mod-

ulus difference, dGij ¼ 2 Gi � Gj

� �

= Gi þ Gj

� �

, respec-

tively, of this element with its neighbors:

dri ¼
13

12

X

Cjdrij ð7Þ

dGi ¼
13

12

X

CjdGij ð8Þ

The calculated values of dri and dGi for different con-

stituent elements of Fe50Mn20Cr20Ni10 alloy calculated

using Eqs. (7) and (8) are given in Table 4. Apparently, the

highest (absolute) atomic size mismatches, dri, in the

Fe50Mn20Cr20Ni10 alloy are around Cr and Ni atoms of

0.0520 and - 0.0650, respectively. Likewise, the highest

atomic modulus mismatches in Fe50Mn20Cr20Ni10 alloy are

around Cr and Ni atoms of 0.3009 and - 0.1434, respec-

tively. It should be noted that the absolute value of dGCr is

more than twice higher than the value of dGNi.

fi values are calculated using Eq. (6) with a value of 2.

Calculations were performed with an assumption that

Fe50Mn20Cr20Ni10 alloy is single solid solution phase with

a composition corresponding to nominal composition of

the alloy. Obviously, the mismatch parameter for Cr is

significantly higher than those for other constitutive

elements.

DrSSi is calculated using Eq. (5), Z value is 0.04 and

G value is 81.8 GPa. DrSSCr is distinctly higher than solid

solution strengthening by other elements: DrSSNi is

79.92 MPa, while DrSSFe and DrSSMn are 18.18 and

41.62 MPa, respectively. It should be noted that

DrSSCr = 246.30 MPa, and DrSSNi is only approximately

32% of DrSSCr, whereas DrSSFe and DrSSMn are about 7%

and about 17% of DrSSCr, respectively. This analysis

reveals that SSS by single element (Cr) with atomic frac-

tion of 20% is about 1.8 times higher than strengthening by

other elements. Therefore, the conclusion can be applied to

complexly concentrated multi-component alloys, in which,

only certain elements can produce strong SSS effect, while

other constitutive elements only slightly strengthen alloys.

SSS effect in multi-component alloys can be calculated

using the Gypen and Deruyttere methods [40] that have

been successfully applied to HEA [37]. In this way, overall

solid solution strengthening of alloy, DrSS, can be

calculated using the following formula by summarizing the

DrSSi of each component in the alloy:

DrSS ¼
X

i

Dr3=2SSi

 !2=3

ð9Þ

The calculated values of DrSS of Fe50Mn20Cr20Ni10
MEA are plotted against the experimental values of the

corresponding alloys in Fig. 5. A good fit between the

calculated values of DrSS and experimentally determined

yield strength (YS) of the alloys is reached. The reason for

the slight difference between the predicted yield strength

and experimental value is that the mechanical behavior of

MEAs is directly correlated with the degree of local

chemical order [42, 43]. The correlation between the pre-

dicted SSS and experimental yield strength illustrates two

following facts: (i) the methodology developed for pre-

dicting SSS in conventional alloys, i.e., Labush approach

and Gypen and Deruyttere approach, is working for MEAs

or HEAs if contributions from each constitutive element of

the alloys are estimated and summarized; (ii) the yield

strength of the solid solution alloys can be primarily

attributed to SSS.

3.5 Deformation mechanisms

The deformation behavior of metals mainly includes dis-

location multiplication and interactions between disloca-

tions and other crystal defects as well as themselves.

According to the classic Taylor hardening model [44], the

quantitative forest hardening effect of dislocations in

Fe50Mn20Cr20Ni10 MEA is given by:

Dr ¼ MaGb
ffiffiffi

q
p ð10Þ

Table 4 Calculated lattice, dri, and shear modulus, dGi, distortions

near an individual constituent element i in Fe50Mn20Cr20Ni10 alloy

Parameter Fe Mn Cr Ni

dri -0.0153 0.0189 0.0520 -0.0650

dGi -0.0617 -0.0749 0.3009 -0.1434 Fig. 5 Dependence of YS on DrSS of studied Fe-based MEA alloys

and some quaternary equiatomic alloys reported in Refs. [19, 41, 50]
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where Dr is the corresponding increase in the tensile stress;

M is the Taylor factor, 3.06; b is the magnitude of the

Burgers vector (0.253 nm); and q is the dislocation density.

a is 0.2 in Eq. (10). The actual value of a is determined by

the geometrical arrangement of the dislocation, and it

decreases continuously with plastic deformation. However,

the variations are in a 10% range [45], and thus it is

approximated as a stable constant during the plastic

deformation. Here, it is assumed that if no accumulation of

dislocations occurs when yields, then, r can be obtained by

the corresponding q at different tensile strains as r =

Dr ? YS. The difference between the calculated and

experimental flow stress is increased with straining, since

the contribution of stacking faults and twins is not con-

sidered. In general, the forest dislocation hardening effect

is the major mechanism in the initial deformation stage in

Fe50Mn20Cr20Ni10 MEA.

The variation in strength, ductility and strain hardening

with Mn content is closely related to the deformation

mechanisms. An essential novelty of the current finding is

the fact that the newly designed Fe50Mn20Cr20Ni10 alloy

shows deformation-induced nano-twins at room tempera-

ture. It has been reported that the equiatomic Fe20Mn20-
Ni20Co20Cr20 HEA exhibited deformation twinning only at

77 K [11]. For FCC HEAs, it has been reported that the

main deformation mechanism is the dislocation slip at

room temperature, although it changes to the deformation

twinning at cryogenic temperature as the resolved shear

stress is sufficient to reach the critical stress for twinning

[46]. In order to explore the deformation mechanisms at

room temperature, the presence of the deformation twins is

further confirmed by TEM analysis, as shown in Fig. 6a.

The high-density dislocations accumulated within defor-

mation twin and the corresponding selected area electron

diffraction (SAED) pattern are presented in Fig. 6b–d,

where the activated twin system was indexed as

112
� �

111
� �

, similar to a compound FCC twin commonly

observed in FCC crystalline alloys [47].

Now, it is widely accepted that twinning during defor-

mation continuously increases new interfaces that promote

work hardening by decreasing the dislocation mean-free

path [48]. It is commonly referred as the ‘‘dynamic Hall–

Petch’’ effect. In addition, the triggered deformation twins

at cryogenic temperature and/or high strain rate contain

high-density dislocations that act as strong barriers to dis-

location glides, which further primarily contributes to

strain hardening [49–53]. Hence, the improvement in the

strength mainly by the activation of nano-twins is quite

significant. The formation of more complex planar dislo-

cation configurations is available, such as dislocation walls

and dislocation networks (Fig. 6e). It should be noted that

the formation of dislocation networks enables the trans-

formation of dislocation pile-up into planar dislocation

structures in Ref. [24]. Figure 6f symbolically shows the

deformation mechanisms of the alloy under the joint action

of dislocation cells, dislocation walls and deformation

twins. Therefore, the mechanical properties of the present

Fe-based MEA are better than those in many other major

HEA classes.

Fig. 6 TEM images on [110] zone axis (Z.A.) of tensile-fractured Fe-MEA with e = 60%. a Dark field image showing deformation nano-

twinning system in Fe-MEA; b, c bright field images of high-density dislocations within twins; d corresponding SAED pattern of matrix (M) and

twin (T); e high-density dislocations accumulated between dislocation walls; f schematic sketch illustrating deformation mechanism in Fe-MEA
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The design strategy, mechanical properties and defor-

mation mechanism of Fe-based MEA are discussed in

detail above. It can be found that the design concept of Fe-

based MEA combines the advantages of TWIP steels and

HEAs. Figure 7 shows that Fe-MEA concept is a potential

guide for the development of low-cost, but high-perfor-

mance HEAs or MEAs. It summarizes (UTS�TE/price)
versus configurational entropy of Fe-MEAs in comparison

with other previously developed HEAs and/or MEAs

where R is gas constant, 8.314 J mol-1 K-1, UTS is ulti-

mate tensile strength, GPa; and TE is total elongation to

fracture, %. Obviously, compared to many Co-containing

HEAs or MEAs, Fe-based MEAs have very broad devel-

opment aspect and application prospects. The successful

design of Fe-based MEAs greatly promoted the develop-

ment of new alloys with low cost and excellent mechanical

performance, which will be the critical point for alloy

design and practical industry application in the future.

4 Conclusions

1. The mechanical properties of Fe50Mn20Cr20Ni10 MEA

were comparable to the equiatomic CoCrFeMnNi alloy

due to the deformation twins. The average strain

hardening exponents simulated by the Hollomon

equation and the Ludwick equation were 0.41 and

0.63, respectively.

2. The solid solution strengthening caused by different

elements of Fe50Mn20Cr20Ni10 MEA was calculated

using Labush approach. It shows that Cr produces

strongest solid solution strengthening among the

constitutive elements of the alloys. According to the

Gypen and Deruyttere method, the contribution of each

element of the alloy is summarized to evaluate the

solid solution strengthening of Fe50Mn20Cr20Ni10
MEA. A good correlation between the experimental

yield strength value and the predicted solid solution

strengthening was observed.

3. The forest dislocation hardening effect, calculated by

the Taylor hardening model, and a dynamic Hall–Petch

effect caused by deformation twins were the primary

hardening contributor during the plastic deformation.

4. Compared with other major HEA classes, the present

Fe-MEA has outstanding combination mechanical

properties and low cost, providing a new direction

for future development of HEAs and MEAs.
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