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Alloying is a technique that has long been used to provide desirable properties in
materials. It mainly involves the addition of relatively small amounts of secondary
elements to a primary element. Recently, a new alloying strategy that involves the
combination of multiple principal elements in high concentrations to create new
materials called high-entropy alloys has been investigated by several researchers.
In this paper, the thermodynamic calculations and phase formation rules for the
formation of FeCoCrMnNi high entropy alloy are discussed. The FeCoCrMnNi
and FeCoCrMnNiC,_ ,, high entropy alloys were cast using a vacuum arc melting
furnace. It was shown that both of the high entropy alloys formed a single FCC solid
solution phase without any other impurities or phases. The whole pattern Rietveld
refinement analysis showed that the addition of carbon to the FeCoCrMnNi high
entropy alloy decreased the crystallite size. Moreover, the Tafel corrosion test re-
sults indicated that the corrosion resistance of the FeCoCrMnNi high entropy alloy
increased 185 times with the addition of carbon.

1. Introduction

In the recent years the newly developed high-entropy
alloys (HEAs) introduced by Yeh [1] and Cantor [2] have
attracted the attention of many researchers and indus-
tries [3-5]. In contrast to traditional alloys, which have
one or two main components, high-entropy alloys have
at least five main elements with atomic concentrations

between 5% and 35% [3, 4, 6, 7]. The high entropy alloys
are mainly designed to obtain solid-solutions rather than
forming complex phases. It has been shown by many re-
searchers that the equiatomic and non-equiatomic HEAs
provide great potentials of engineering application due
to their high oxidation, corrosion, wear resistance, high
ductility, and strength [6-11]. However, the properties of
high entropy alloys are affected by their chemical com-
position. The chemical composition determines the type
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of the formed solid solution phase(s) [12]. For example,
the FCC solid-solution phases are most probably formed
when elements such as Ni, Mn and Cu are used where-
as the use of W, Ti, V and Al form BCC solid solution
phases. The addition of another element to an HEA or the
change in the amount of an element present in the HEA
effects on the physical properties and structural forma-
tion of the alloy. These changes are due to the different
atomic radius and atomic percent of the atoms present in
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the alloy resulting in different amounts of high mixing
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entropy (AS . ) and mixing enthalpy (AH . ) which are
the critical decisive factors for the formation of the sol-
id-solution structures. One of the important high entropy
alloys is Cantor’s alloy. Cantor arc melted down a sepa-
rate ingot of equimolar Co-Cr-Fe-Mn-Ni referred to as
the Cantor alloy or Cantor’s alloy[13-15].

In this study FeCoCrMnNi and FeCoCrMnNiC,,
high entropy alloys were fabricated by vacuum arc-melt
casting and the effect of carbon addition on the structural
and corrosion properties were investigated.

2. Materials and methods

Appropriate amounts of pure (99.95%) Fe, Co, Cr,
Mn, Ni and carbon source were used as raw material to
produce the FeCoCrMnNi and FeCoCrMnNiC, , high en-
tropy alloys according to Tablel. The raw materials used
were in high purity. The alloys were melted in a high
vacuum arc melting furnace. In order to obtain chemical
homogeneity, the melting was repeated three times. The
sample was flipped over after each melting and melted
again. Samples for crystal structure and corrosion inves-
tigation were taken out from the alloy button by the aid
of an EDM wire cutting machine. The phase analysis was
performed using an ASENWARE (AW-XDM) x-ray dif-
fraction machine with CuKo radiation (A= 1.542 A) in
the 20 scan range of 20°-90°. The crystallite size was
determined by the use of the whole pattern Rietveld anal-
ysis applied by the use of MAUD software [16]. Ther-
modynamic analysis was carried out using the extended
Miedema model [17]. The corrosion tests were applied
using an OrgaLys potentiostat machine. The 3.5% NaCl
solution was used to perform the tests. The corrosion data

were revealed from the Tafel polarization curves.

3. Results and Discussion
3.1. Investigation on the criteria of the HEA
formation

There is limited thermodynamic data on HEAs which
is due to the lack of quaternary and higher phase dia-
grams. Therefore, the prediction of phase formation by

To obtain the average melting point of an n-compo-
nent alloy (T, ), Eq.(1) can be used:
T =221 Ci (Tm)i Eq.(1)
whereas C, is the atomic percent of the i-th compo-
nent and (T ), is the melting point of the i-th component.
The valence electron concentration (VEC) and elec-
tronegativity difference (Ay) are calculated from Egs.
(2 and 3), respectively. Whereas . and  are the Pauling
electronegativity of the i-th component and average elec-
tronegativity difference Eq.(4), respectively.

VEC =221 G; (VEC)i Eq.(2)
Ax = \/Z?zl Ci,— %) Eq.(3)
X = 2i=1 Cii Eq.(4)

The atomic size difference (O) is determined by
Eq.(5):

5 =100 \/2?; C (12

whereas 7 can be calculated from the atomic radius of
the components (A) as Eq.(6).

Eq.(5)

T=Xie1 G 1y £q.(6)

The AS  _ and AH , are the mixing entropy
change and mixing enthalpy and are obtained by Egs.
(7 and 8) while R (the constant gas is considered to be
8.314 J/mol'K"', Q. is the regular melt interaction pa-
rameter between the i-th and j-th element Eq.(9) and
C, and C, are the atomic percentage of the i-th and j-th
component change of the binary liquid AB alloy. The
(AHI‘?EX (J/mol ™)) is calculated by the Miedema’s mod-
el.

the use of known properties such as melting point, en- ASmix = -R Y1 C; InC; Eq.(7)
tropy, and enthalpy of mixing is essential. In this section, n
thermodynamic calculations are done to obtain more in- AHmix = i=1,i#j Q; j CiCj Eq.(8)
formation on the phase(s) formed during the casting pro-
cess as below: Q=4 AHmix B Eq.(9)
Table 1. Weight percent of the raw materials used for the casting of the high
entropy alloys.
Alloy Fe Co Cr Mn Ni
FeCoCrMnNi 19.92 21.02 18.54 19.59 20.93 -
FeCoCrMnNiCo. 19.75 20.84 18.39 19.43 20.75 0.85
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The elements present in the HEAs and their amounts
have a significant influence on the microstructure and
properties. It has been shown that the high mixing entro-
py of HEAs is the main reason for avoiding the forma-
tion of intermetallic compounds. Whereas the formation
of solid solution(s) is due to the negative values of the
AH . ,AS ., 6 and also sluggish diffusion. The AH_. and
0 have a nearly zero value for the formation of a solid
solution. The phase formation in the HEAs is determined

by the competition between AS . , AH

mix> mix’

and o as below:

-10 < AHmix<-5KJmol!,5 <4%,

ASmix > 13.38 J.mol ' k!
The Q parameter, which is dependent on the AS
and AH__ is as Eq.(10):

TmASmix
AHmix

Q= Eq.(10)

Whereas T is the average melting point of the alloy.
The 3 and Q parameters should be as below to have ob-
tained a solid solution(Eq.(11)):

0 < 6.6%,0>1.1 Eq.(11)

To determine the structure of the solid solution and
the phase stability, the VEC should be considered as the
following criteria (Eq.(12)):

(BCC)6.87 < VEC = Y™, C; (VEC)

< 8(FCC) Eq.(12)

3.2. Thermodynamic calculations

The AH ., AS ., 6, VEC, T _, and Ax parameters are
calculated for the FeCoCrMnNi HEA as presented in Ta-
ble 2.

In Table 3. the amount of AH#I?x are calculated us-
ing the Mediema model for binary compounds in the Fe-
CoCrMnNi HEA system.

According to Eq.(12), VEC values lower or equal to
6.87 stabilize BCC structure while values higher than §
stabilize the FCC structure. However, for amounts be-
tween 6.87 and 8 both BCC and FCC structure are stabi-
lized. Therefore, we expect FCC structure to be obtained.

Furthermore, the calculated values for AH ., & and
AS . as presented in Table 2. confirm the formation of
solid solution.

Table 2. Calculated amounts of AH__ , AS ., 8, VEC, T, Ax
parameters.
Ax Tm (k) VEC A)d ASmix AHmix AGmix
(j.mol''k™) (j/mol) (Kj/mol)
1.417129 1800.929 8.000055 1.6291 13.38087 -5160.74 -8.15024
Table 3. The calculated amounts of AH{?fx (J/mol-k ) obtained by using the Mediema
model [18].
Element Co Cr Fe Ni Mn
Co - -16 -4 0 -20
Cr - -4 -28 8
Fe - -8 0
Ni - -32
Mn -
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Investigation on the binary phase diagrams indicates
that a number of binary compounds could probably be
formed and therefore they need to be investigated in de-
tail. The AG,_, of the binary compounds is calculated and
presented in Table 4. As can be seen these amounts have
higher values compared to the AG_; of the FeCoCrMnNi
HEA confirming that the solid solution of the FeCoCrM-
nNi HEA will be formed instead of the binary intermetal-
lic compounds presented in Table 4.

3.3. XRD studies

The XRD patterns of the FeCoCrMnNi and FeCo-
CrMnNiC , HEAs are presented in Fig. 1. As can be
seen both patterns are similar and show an FCC struc-
ture indicating that the elements have formed a solid
solution without any impurities and other phases such as
intermetallic phases. However, the peak intensities of the
FeCoCrMnNiC , HEA alloy is slightly lower than the
FeCoCrMnNi HEA which indicates a lower crystallinity
is obtained with the addition of carbon in the FCC solid
solution phase. The whole pattern Rietveld refinement
analysis was applied to the XRD patterns to obtain the
crystallite size of the samples. The crystallite size was
measured to be 369 and 308 nm for the FeCoCrMnNi and
FeCoCrMnNiC , HEAs, respectively (Table 5). This in-
dicates that the carbon addition has reduced the crystallite
size of the single FCC solid solution phase. As expected
with the addition of carbon to the lattice the lattice ex-
pands resulting increasing of the lattice parameter and re-
duction of the crystallite size. It is also well known that in
steels, the increase of carbon in the form of solid solution

increases the dislocation density and refines the crystallite
size. Therefore, in addition to the solid solution strength-
ening owing to supersaturated C in solid solution the
dislocation strengthening and grain refinement strength-
ening increase with the increase in the C content [19].

3.4. Corrosion Behavior of the FeCoCrMnNi
and FeCoCrMnNiC(L2 HEAs

In Figs. 2 (a) and (b), the Tafel polarization curve of
the FeCoCrMnNi and FeCoCrMnNiC, , high entropy al-
loys are presented, respectively. The corrosion parame-
ters extracted from the curves are shown in Table 6. It is
well known that factors such as the corrosive media and
materials composition affect the corrosion resistance of
materials. In this research the 3.5% NaCl solution as a
corrosive environment is the same for the different sam-
ples, as can be seen, the corrosion resistance and corro-
sion current density of the samples are different which
is due to the different compositions of the high entropy
alloy samples. As can be seen, the addition of carbon im-
proves the corrosion resistance, having a lower amount of
corrosion current density and corrosion rate to be 0.0044
pA/cm? and 0.024 um/Y, respectively. In other words,
the corrosion rate of the FeCoCrMnNi alloy (4.42) is 185
times higher than the FeCoCrMnNiC,, alloy.

As mentioned according to the presented results of
Table 2. the corrosion resistance increases for the FeCo-
CrMnNiC , HEA containing carbon. This is due to the
reason that probably the addition of carbon provides the
necessary conditions for the formation of a protective
layer against corrosion.

Table 4. The AG_ of the intermetallic compounds that can possibly be formed.

‘Fe Nig) I I ) [

2-Theta [degrees]

FesNi | FeNis | FeNi | Ni:Cr
AGmix (Kj/mol) -1.16 -1.16 -1.55 -5.9
EE i;é‘ 20 Dj %
g E 100 J‘

Fe Ni3)

500
2-Theta [degrees]

Fig. 1. The whole pattern Rietveld refinement of the: (a) FeCoCrMnNi and (b) and FeCoCrMnNiC_, high entropy alloys.
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Table 5. The results of the whole pattern Rietveld refinement analysis for the FeCoCrMnNi
and FeCoCrMnNiC_, high entropy alloys.

Sample a(A) Crystallite
size (nm)
FeCoCrMnNi 3.590 368.77
FeCoCrMnNiCo.2 3.610 307.59
1000 ]
—— FeCoCrMnNi 3 {[——FeCoCrMnNiC0.2]
0 /
] .
-1000 A
E 2000 E t b Vs '
z 2 e S -~
= = N A ]
o -3000 kel \ )*'
J \‘ -
-4000 - e "ﬂ(
-5000 - -2
-5‘00 —4‘00 -3‘00 -2‘00 -1 I00 -52)0 —4‘00 -3‘00 -2‘00 -1 IOO
Potential [mV] Potential [mV]
(a) (b)
Fig. 2. Tafel polarization corrosion plots of (a) FeCoCrMnNi and (b) FeCoCrMnNiC , high entropy
alloys.
Table 6. The results of the Tafel polarization corrosion test applied on the FeCoCrMnNi and FeCo-
CrMnNiC_, high entropy alloys.
Samples Ba(mV) | -Bc(mV) Ecorr icorr R, CR
(i=0) (nA/cm?) | (kOhm.cm?) (pm/Y)
(mV)
FeCoCrMnNi 55 1042 | -319.8 0.8 7.23 4.42
FeCoCrMnNiCo.2 38.3 533 -296.4 0.0044 178.83 0.024
4. Conclusions determined by the whole pattern Rietveld refinement
method which indicated that the addition of carbon re-
In this study, FeCoCrMnNi and FeCoCrMnNiC, sults in the increase of the lattice parameter and decrease
high entropy alloys were prepared from vacuum arc in the crystallite size from 369 to 308 nm. Furthermore,
melt casting. The thermodynamic calculations and XRD the Tafel corrosion test showed that the corrosion resis-
patterns revealed that both of the alloys had a single tance of FeCoCrMnNiC , high entropy alloy was 185
FCC solid solution phase. The crystallite sizes were times more than the FeCoCrMnNi.
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