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Abstract: To explore cast HEAs reinforcement by MC carbides three equimolar CoNiFeCrC alloys 

without or with Carbon and either hafnium or tantalum were investigated. Their microstructures 

were specified and tests at 1100°C in oxidation by air and flexural creep tests were carried out. The 

HEAbase was single–phased. The HEAhfc and HEAtac contained eutectic script HfC and TaC 

carbides respectively, in the interdendritic spaces. After oxidation for 50h at 1100°C all alloys were 

covered by a (Cr,Mn)2O3 scale with various proportions in Cr and Mn. HfO2 or CrTaO4 also formed. 

The subsurface was depleted in Cr and especially in Mn. The HEAbase alloy deformed quickly. The 

MC carbides greatly improved the creep resistance, and divided deformation by five to ten times. 
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1. Introduction 

Notably during the last ten years, special attention was given to a new metallurgical principle, 

High Entropy Alloys (HEA) or Multi-principal Element Alloys (MEAs) [1]. Among the ones which 

are close to high temperature alloys there are the alloys combining the classical base elements of 

superalloys – namely nickel, iron and cobalt for strength – and the elements bringing oxidation and 

corrosion resistance: aluminum and chromium [2]. Some of them, with especially designed chemical 

compositions, are eutectic high entropy alloys [3,4]. Other elements as Ti [5,6] or Cu, and even Ag 

and B [7], can be also involved in HEA compositions. One of the most common elements associations 

met for HEAs is the Co–Ni–Fe–Mn–Cr combination [8–10]. This association of five elements has also 

been found in combination with oxygen to obtain high entropy oxides [11]. Many of the HEAs 

involving Co, Ni, Fe, Mn and Cr, are designed to respect a molar equivalence for the five elements 

[12–14]. These equimolar CoNiFeMnCr HEAs can be produced using various elaboration ways, 

including advanced or recent technologies such as single–crystalline structure generation [15] and 

additive manufacturing [16] for bulk materials, while coatings may be also realized with these 

particular HEAs [17]. Much attention has been paid to these equimolar CoNiFeMnCr, concerning 

their thermodynamic proper-ties [18], the study of their mechanical strength and strengthening 

possibilities [19,20], the diffusion phenomena in this system [21,22], for instance. CoNiFeMnCr alloys 

in general, and equimolar alloys in particular, are also easily castable. Conventional melting may lead 

to polycrystalline equi–axed alloys, with interesting oxidation and mechanical behaviors at 

temperatures not too high. Due to their melting start temperatures which are high enough, they can 

be considered for uses for hotter conditions of work, but one may worry about their properties. The 

mechanical ones are especially concerned because of the absence of any phases devoted to intergrains 

and interdendrites strengthening. For this purpose, primary carbides – and notably MC carbides – 

have demonstrated favorable influence on the high temperature mechanical properties for 

chromium–rich nickel–based and cobalt–based model alloys [23] or superalloys [24]. In this role some 

types of primary MC carbides were recently identified and con-firmed as very useful particles to 

achieve high level of creep–resistance for Co–based and Ni–based cast alloys [25,26]. Carbon is rather 

rarely added to HEAs in general, and to CoNiFeMnCr alloys in particular (despite some exceptions 
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[27]). Carbon was seemingly never introduced in HEAs in association with Ta or Hf, elements which 

are of particular interest in the high temperature MC–strengthening purpose. This is very recently 

that the {0.25–0.50C, 3.7–7.4Ta or Hf, in wt.%} addition to a conventionally cast CoNiFeMnCr 

equimolar alloy was tested for the first time. It was found that this al-lowed obtaining successfully, 

in the interdendritic spaces, the same script–like eutectic TaC [28] or HfC [29] carbides as in the 

cobalt–chromium or nickel–chromium alloys. In these Co or Ni–based alloys, it was observed that 

such carbides, with these locations and morphologies, brought remarkable creep strength at high 

temperature. 

Anticipating possible very interesting high temperature mechanical behavior of alloys made of 

an equimolar CoNiFeMnCr matrix associated to a TaC or HfC interdendritic carbide network, it was 

wished in this work to explore how such alloys may be-have at high temperature, mechanically and 

chemically. 

2. Materials and Methods 

A CoNiFeMnCr equimolar alloy and two of the MC–containing HEAs recently obtained for as–

cast microstructure examinations [28,29], were produced, respecting the same chemical compositions 

and following the same synthesis procedure. This one can be reminded here: melting of pure 

elements in 300mbars of pure argon using a high frequency induction furnace, solidification of about 

40g–weighing ovoid ingots. After classical metallographic preparation their chemical compositions 

and as–cast microstructures were controlled (scanning electron microscope JEOL JSM6010-LA, 

Energy Dispersive Spectrometer). 

Per alloy, a sample was prepared with the following approximative dimensions: thickness = 

3mm, widths or lengths = 10 mm, and with a surface state typical of grinding using #1200 SiC papers 

(edges and corners smoothed with the same papers). Each sample was tested in oxidation in a muffle 

resistive furnace (conditions: 50 hours at 1100°C, laboratory air). Tests were followed by classical 

post–mortem characterization: (1) X–ray diffraction on the oxidized surfaces (Bruker D8 Advance 

diffractometer, wavelength = 0.15406 nm), (2) embedding in cold resin system, (3) precision cutting 

of the embedded oxidized sample in two halves, (4) grinding and polishing for obtaining mirror–like 

state, (5) SEM observation, in the back scattered electrons mode at various magnifications, of the 

oxides, the subsurfaces affected by oxidation and the bulks affected by the high temperature 

exposure, (6) EDS spot analysis and concentration pro-files, (7) EDS elemental mapping. 

Per alloy again, a sample was cut to obtain a parallelepiped shape (approximative dimensions: 

thickness = 1.5mm, width or length = 2 and 15 mm). Its surface state was especially prepared by 

grinding using #1200 SiC papers). It was finally subjected to a centered three–points bending under 

a load leading to a maximal 10MPa local tensile stress, calculated according to the equation of the 

elasticity theory. The progress of the displacement, at 1100°C under this constant load, of the central 

point was monitored using a precision sensor. 

3. Results and Discussion 

3.1. Chemical Compositions 

Preliminarily, the chemical compositions of the three alloys were measured (Table 1). According 

to the chosen atomic contents in Co, Ni, Fe, Mn and Cr wanted to be all equal to one another, the 

weight contents in these five elements (the molar weights of which are close to one another) are 

logically very similar. The Hf or Ta weight contents in the corresponding alloys (respectively 

“HEAhfc” and “HEAtac”) are a little higher than targeted. Such small overestimation is usual when 

coarse HfC or TaC are present. 

Table 1. Designation and controlled chemical compositions of the three alloys (from five 250 full 

frame EDS analyses per alloy); weight and atomic contents in all elements except carbon (for C: 

0.25wt.% and 1.2at.% for both HEAhfc and HEAtac). 
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Weight and atomic 

contents 
 Cr Mn Fe Co Ni Hf or Ta 

HEAbase wt.% 19.8 19.5 19.5 19.8 21.4 / 

 at.% 20.1 20.2 19.9 19.1 20.7 / 

HEAhfc wt.% 19.3 18.2 18.4 19.9 20.2 4.0 

 at.% 19.9 19.1 19.0 19.5 19.9 1.3 

HEAtac wt.% 19.2 18.3 18.6 19.3 20.1 4.5 

 at.% 19.9 19.3 19.3 19.0 19.9 1.4 

3.2. As–cast Microstructures 

The as–cast “HEAbase” alloy (Figure 1), prepared to serve as reference for identifying the effects 

of the presence of either HfC or TaC in the behaviors of the other alloys, is obviously single–phased 

and rather homogeneous chemically. Concerning the second observation, one must mention that Mn 

segregation seems having occurred during solidification. Such phenomenon was already noticed and 

studied in CoNiFeMnCr alloys [30]. The Mn–enriched zones allow distinguishing the dendritic 

structure of this alloy. 

 

Figure 1. The microstructure of the as–cast HEAbase alloy (SEM/BSE image with EDS spectrum of the 

area, left) and the elemental distribution showed by EDS X-maps (right). 

The as–cast “HEAhfc” and “HEAtac” alloys (Figures 2 and Figure 3 respectively) are obviously 

double–phased. Their microstructures are composed of a dendritic matrix and of an interdendritic 

carbide network made of HfC carbides or TaC carbides respectively. The identification of these 

carbides were done by carrying out EDS spot analysis on the coarsest carbides found in the 

metallographic samples. In addition to these script–like eutectic carbides, both alloys also contain 

some coarse carbides which obviously precipitated prior to the eutectic solidification, even prior to 

the pre–eutectic development of the dendritic matrix. One can remark that manganese segregation 

during solidification took place also for these two alloys. 
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Figure 2. The microstructure of the as–cast HEAhfc alloy (SEM/BSE image with EDS spectrum of the 

area, left) and the elemental distribution showed by EDS X-maps (right). 

 

Figure 3. The microstructure of the as–cast HEAtac alloy (SEM/BSE image with EDS spectrum of the 

area, left) and the elemental distribution showed by EDS X-maps (right). 

3.3. Post–Mortem Characterization of the Oxidized Samples 

Prior to embedding and cross–section preparations, X–ray diffraction was performed on the 

surfaces of the oxidized samples. The obtained diffractograms were not easy to exploit since the 

obtained peaks were, for many of them, hard to identify. Nevertheless one can estimate that chromia, 

{Mn, Cr}–rich oxides and (Co,Ni)Cr2O4 spinel oxides formed over the three alloys during the 50 hours 

spent at 1100°C (Figure 4 for HEAbase, Figure 5 for HEAhfc and Figure 6 for HEAtac). The additional 

presence of discrete HfO2 was detected in the case of the HEAhfc alloy. CrTaO4 mixed oxide was 

evidenced in the case of the HEAtac alloy. 

 

Figure 4. Diffractogram acquired of one of the oxidized surfaces of the HEAbase alloy. 
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Figure 5. Diffractogram acquired of one of the oxidized surfaces of the HEAhfc alloy. 

 

Figure 6. Diffractogram acquired of one of the oxidized surfaces of the HEAtac alloy. 

The investigations about the natures of the oxides present were carried out further with the 

observation of the oxidized stated of the surfaces and subsurfaces in the cross–sectional 

samples. On low magnification SEM/BSE micrographs (Figure 7) one can see that parts of 

the external oxide scales were preserved and are available for observation and EDS analysis. 

These micrographs also allow the examination of the sub-surfaces affected by oxidation: 

inward progression of oxidation took place for the three alloys, especially for the HEAbase 

alloy for which local very deep penetration of oxidation may be noticed here and there. 

Other phenomena also occurred as the inward development of a carbide–free zone from 

the oxidation front. This is a classical phenomenon for many carbides–containing 

polycrystalline cast alloys and superalloys [31–33]. One can also note the appearance of 

porosities in the same area, especially for the HEAbase alloy, probably resulting from the 

Kirdendall effect. This effect was already observed for CoNiFeMnCr alloys during 

oxidation at temperatures of the 1000°C level [34]. 

 

0
4
0
0

8
0
0

1
2
0
0

1
6
0
0

2
0
0
0

2
4
0
0

C
o
u
p
s

10 20 30 40 50 60 70 80 90 100

2Thêta (Coupled TwoTheta/Theta) WL=1,54060

HfO2

0
2
0
0

4
0
0

6
0
0

8
0
0

1
0
0
0

C
o
u
p
s

10 20 30 40 50 60 70 80 90 100

2Thêta (Coupled TwoTheta/Theta) WL=1,54060

FCC

Cr2O3

(Co,Ni)Cr2O4

Mn3O4

MnO

MnCr2O4

HEAhfc after 50h 
in air at 1100°C

0
1
0
0
0

2
0
0
0

3
0
0
0

C
o
u
p
s

10 20 30 40 50 60 70 80 90 100

2Thêta (Coupled TwoTheta/Theta) WL=1,54060

CrTaO4

0
2
0
0

4
0
0

6
0
0

8
0
0

1
0
0
0

C
o
u
p
s

10 20 30 40 50 60 70 80 90 100

2Thêta (Coupled TwoTheta/Theta) WL=1,54060

HEAtac after 50h 
in air at 1100°C

FCC

Cr2O3

(Co,Ni)Cr2O4

Mn3O4

MnO

MnCr2O4

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 September 2024                   doi:10.20944/preprints202409.2250.v1

https://doi.org/10.20944/preprints202409.2250.v1


 6 

 

 

Figure 7. Low magnification SEM/BSE micrographs giving general views of the oxidized surfaces, 

subsurfaces and bulks. 

At higher magnification (Figure 8), one can distinguish gray gradation among the {Mn,Cr}–

oxides. According to a series of EDS spot analyses, these ones appear being of the M2O3 

stoichiometry, with M representing Mn and Cr essentially. The darkest parts of these oxides 

are richer in chromium than in manganese (about twice more Cr than Mn), and furthermore 

one can say that the chromia stoichiometry is almost obtained for the darkest oxides located 

very close to the alloy. The pale parts are richer in Mn than in Cr (about twice more Mn 

than Cr). The formations of Mn(Cr)2O3 and Cr2O3 were previously reported in the case of 

the CoNiFeMnCr alloy, but after oxidation at 900°C [34]. In the same work, in which 

oxidation of this alloy was also studied at 1000 and 1100°C, it appeared that there were 

more the mixed oxides of Mn and Cr with the (Mn,Cr)3O4 stoechiometry which were seen. 

Nevertheless, one may insist on the good agreement concerning the simultaneous and 

important participation of both Cr and Mn in the external oxidation phenomenon. 
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Figure 8. High magnification SEM/BSE micrographs giving detailed views of the oxidized surfaces 

and subsurfaces, with the results of EDS spot analysis identification of the oxides. 

General chemical information about the results of oxidation on surface and in subsur-face is 

provided by EDS elemental cartography. Some X–maps are available in Figure 9, Figure 10 and Figure 

11, for the HEAbase alloy, the HEAhfc alloy and the HEAtac alloy, respectively. They efficiently 

illustrate the variations in Cr and Mn contents in the external oxide scales, as described above in the 

text (all alloys, particularly in Figure 10 and Figure 11) and in the deep oxidation penetration affecting 

the HEAbase here and there (Figure 9). One can also see the progressive oxidation of the HfC carbides 

(Figure 10) and of the TaC carbides (Figure 11) in the subsurface (core still carbide and periphery 

oxidized). In addition the X–maps also allow visualizing the subsurface zone depleted in chromium 

and in hafnium (more in Figure 9 than in Figure 10 and Figure 11 where these Cr and Mn depletions 

in subsurface are visually more or less hindered by the presence of coarse Hf or Ta oxides). 

To get some quantitative information concerning the chemically–modified zones, a series of EDS 

spot analyses were performed in the outermost part of each alloy, just be-low the oxidation front. The 

obtained results led to the values of average and standard deviation for the weight contents presented 

in Table 2. 
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Figure 9. Elemental EDS cards of the oxidized surface and subsurface in the case of HEAbase. 

 

 

Figure 10. Elemental EDS cards of the oxidized surface and subsurface in the case of HEAhfc. 
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Figure 11. Elemental EDS cards of the oxidized surface and subsurface in the case of HEAtac. 

Table 2. Chemical compositions in alloy very close to the interface with the external oxide scale (from 

five spot EDS analyses per alloy). 

Extreme surface 

(contents in wt.%) 
 Cr Mn Fe Co Ni Hf or Ta 

HEAbase Average 12.1 1.9 29.9 27.7 28.3 / 

 Std dev. 0.5 0.1 0.3 0.3 0.3 / 

HEAhfc Average 11.0 2.5 27.8 28.9 29.9 0 

 Std dev. 1.0 0.5 0.5 1.0 1.0 0 

HEAtac Average 11.7 1.6 29.4 27.0 30.0 0.3 

 Std dev. 1.2 0.1 0.8 0.2 0.9 0.4 

One can see that the Cr and Mn contents are significantly lowered, especially in the case of 

manganese (down to more or less 2 wt.%, against only down to 11.5 wt.% for chromium). This 

suggests that these contents, notably the Cr one (this is chromia which is really protective against hot 

oxidation), can be considered as critical values and that general oxidation of the whole alloys was 

probably imminent when the oxidation test was stopped. 

3.4. Three Points Bending Creep Tests 

One {1100°C, 10MPa}–creep test was carried out for each alloy. The obtained deformation 

curves (downward movement of the central point versus time) are presented in Figure 12, 

Figure 13 and Figure 14 for the HEAbase alloy, the HEAhfc alloy and the HEAtac alloy, 

respectively. A common point between the three deformation curves is that the primary 
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stage of creep was not finished when temperature reached 1100°C since, at this moment, 

the deformation rate was still lowering. However, if the transition from the primary stage 

to the secondary stage was realized after less than 10 hours (followed by a linear 

deformation) for the HEA alloy, the primary stage took more time for the two carbides–

containing alloys: its isothermal duration was about 30 hours for the HEAtac alloy while it 

seems to be not yet finished after 150 hours for the HEAhfc alloy. 

 

Figure 12. Deformation curve of the HEAbase alloy, superposed with the corresponding deformation 

rate evolution. 

 

Figure 13. Deformation curve of the HEAhfc alloy, superposed with the corresponding deformation 

rate evolution. 

0

5

10

15

20

25

0

200

400

600

800

1000

1200

0 20 40 60 80 100 120 140

ra
te

 /
µ

m
 h

-1

c
e

n
tr

a
l 
p

o
in

t 
d

is
p

la
c

e
m

e
n

t 
/ 
µ

m

time / h

HEAbase 1100 C 10MPa

Displacement

Rate

0

5

10

15

20

25

0

100

200

300

400

500

0 20 40 60 80 100 120 140

ra
te

 /
µ

m
 h

-1

c
e
n

tr
a
l 
p

o
in

t 
d

is
p

la
c
e
m

e
n

t 
/ 
µ

m

time / h

HEAtac 1100 C 10MPa

Displacement

Rate

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 September 2024                   doi:10.20944/preprints202409.2250.v1

https://doi.org/10.20944/preprints202409.2250.v1


 11 

 

 

Figure 14. Deformation curve of the HEAtac alloy, superposed with the corresponding deformation 

rate evolution. 

To specify the deformation rate during the secondary creep stage the derived values of 

central point displacement were calculated and plotted versus time in the same graphs. The 

deformation rates during the secondary stage are about 10 µm/h for the HEAbase alloy and 

about 2 µm/h for the HEAtac one. In the case of the HEAhfc alloy, the rate slightly decrease 

from 2 to less than 1 µm/h over about 150 hours, confirming that the secondary creep stage 

is not yet completed. With its rather fast deformation rate, the HEAbase sample came in 

contact with the apparatus base after almost 100 hours (inducing the end of experiment). 

The two alloys containing MC carbides are obviously much more creep–resistant, 

demonstrating the strengthening effect of the presence of the eutectic HfC and TaC 

carbides. 

3.5. Comments on the Mechanisms of Oxidation and of Creep Deformation 

The oxidation phenomena obviously involved principally chromium and manganese. This is 

evidenced by, on the first hand the major part of oxide of Mn and Cr in the external and internal 

corrosion products, and on the second hand by the impoverishment of the subsurface in these two 

elements, and by the low Cr and Mn contents in the outer part of alloy very close to the oxidation 

front (particularly Mn). Seemingly, cobalt, nickel and iron only played an anecdotal role in oxidation. 

Seemingly Ni, Co and Fe were preserved from oxidation thanks to the more oxidable character of Cr, 

and particularly of Mn. Indeed, at 1100°C, the free enthalpies of formation of the corresponding 

oxides are ordered as follows (Ellingham’s graph): Mn oxides < Cr oxides < Fe oxides < Co oxides < 

Ni oxides [35,36]. Some oxides involving Fe, Co or Ni were detected but they were as traces. The 

other metals which were oxidized were hafnium and tantalum, known as easily oxidable elements. 

Obviously, a double diffusion acted for all alloys at 1100°C in air. First, Cr and Mn diffused from 

the alloy to the oxidation front and formed the external scales. Second, oxygen diffused too, in the 

opposite direction, with as result an inner oxide growth zone. This was particularly evidenced in 

some rare locations by grain boundary oxidation (deep oxide penetration in the HEAbase alloy), and 

by the in situ oxidation of hafnium (in HfO2) or tantalum (in Ta2O5 and CrTaO4 after reaction with 

Cr2O3). This double simultaneous diffusion in two opposite directions led to an outward oxide 

thickening and an irregular inward oxidation progression. This second growth mode (inward) al-

lowed the formed Mn and Cr oxides immersing some of the HfO2 and CrTaO4 oxides earlier formed 

internally. Except these formation of HfO2 and CrTaO4 followed by their inclusion in the Mn and Cr 

oxide inward growth, Hf and Ta did not detrimentally in-fluence the global oxidation behavior of the 

alloys. The oxidation resistances of the HEAbase and HEAhfc or HEA tac alloys are whatever very 

perfectible and the degradation by oxidation can shorten life time significantly. 
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Thus, no evident effect on the oxidation behavior, positive or negative, was noticed for the 

presence of HfC or TaC carbides. In contrast, a significantly positive influence of these carbides was 

evidenced here on the creep resistance. Carbides, HfC and TaC are very hard particles, intrinsically 

very resistant mechanically at all temperatures, including high temperatures. Further, their particular 

morphology (Chinese script) produces a strong blocking effect between neighbor dendrites and 

between neighbor grain, which persists a long time at high temperature because of the great 

resistance of these MC carbides against fragmentation and the consequent loss of carbide continuity. 

The superiority of the HfC or TaC–strengthened versions of the CoNiFeMnCr HEA base alloy was 

expected, and it is now verified. In the HEAbase alloy, dislocations freely moved and continuously 

produced many sliding steps which added up to each other, this resulting in grain–to–grain sliding 

and then in the macroscopic viscoplastic deformation of the alloy. With the interdendrite and 

intergrain lockdown due to the HfC or TaC carbides imbricated with matrix, the deformation is much 

slower. These carbides bring important resistance against mechanical failure. 

4. Conclusions 

1100°C is a temperature at which the currently best superalloys (the gamma/gamma prime single 

crystalline ones) start to be not able to be used under mechanical loading because of degradation of 

their intermetallic reinforcing particles. Inspired by rather recent success of polycrystalline MC–

strengthened cobalt–based or nickel–based alloys and superalloys, this work was undertaken to 

explore the potential of the association of the intrinsically strong matrix composed of the equimolar 

CoNiFeMnCr alloy and of heat–resistant script–like eutectic MC carbides (HfC or TaC) appeared in 

the dendrites and grains boundaries during solidification. One obviously obtained here a kind of in 

situ composites well resistant against creep deformation. If this metallurgical solution may allow long 

lifetime in the mechanical field, this is not the case concerning in the chemical degradation field. 

Solutions to improve this point must be identified and tested (as chromium content increase or 

protective coatings depositions, for instance). 
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