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Abstract: The reinforcement of cast Cantor’s-type high-entropy alloys by MC carbides and their
effect on the hot oxidation behavior were investigated. Three equimolar CoNiFeMnCr alloys without
or with carbon and with either hafnium or tantalum were elaborated. Their as-cast microstructures
were specified. Oxidation tests were carried out in air at 1100 ◦C. Flexural creep tests were performed
at 1100 ◦C at 10 MPa. The carbide-free CoNiFeMnCr alloy was single-phased. The version with Hf
and C added and the one with Ta and C added contained interdendritic eutectic script HfC and TaC
carbides, respectively. After oxidation for 50 h at 1100 ◦C, all alloys were covered by a (Cr,Mn)2O3

scale with various proportions of Cr and Mn. HfO2 or CrTaO4 also formed. Oxidation resulted in a
deep depletion in Cr and in Mn in the subsurface. Oxidation is much faster for the three alloys by
comparison with chromia-forming alloys. Their bad oxidation behavior is obviously due to Mn and
protection by coating is to be considered. The creep deformation of the carbide-free CoNiFeMnCr
alloy was very fast. The creep resistance of the two versions reinforced by either HfC or TaC deformed
much slower. The addition of these MC carbides led to a deformation rate divided by five to ten
times. Now, creep behavior comparisons with commercial alloys are to be conducted. They will be
performed soon.

Keywords: HEA alloys; equimolar CoNiFeMnCr; HfC; TaC; high temperature; oxidation; creep

1. Introduction

During the last 20 years, special attention has been given to a new metallurgical prin-
ciple: high-entropy alloys (HEAs) or multi-principal element alloys (MEAs) [1]. Among
the alloys that are close to high-temperature alloys, there are the alloys which combine
the classical base elements of superalloys—namely nickel, iron and cobalt—and the ele-
ments bringing oxidation and corrosion resistance: aluminum and chromium [2]. One type
with specially designed chemical compositions is eutectic high-entropy alloys [3]. Other
elements, such as Ti [4,5] or Cu and even Ag and B [6], can also be involved in HEA composi-
tions. One of the most common element associations met for HEAs is the Co–Ni–Fe–Mn–Cr
combination [7–9]. This association of five elements has also been found in combination
with oxygen to obtain high-entropy oxides [10]. Many of the HEAs involving Co, Ni, Fe,
Mn and Cr are designed to respect a molar equivalence for the five elements [11–13]. These
equimolar CoNiFeMnCr HEAs can be produced using various elaboration techniques.
One can cite advanced or recent technologies such as single-crystalline structure genera-
tion [14] and additive manufacturing [15] for bulk materials. Coatings may also be realized
with these particular HEAs [16]. Much attention has been paid to these equimolar CoNiFeM-
nCr alloys. Notably, their thermodynamic properties [17], their mechanical strength and
strengthening possibilities [18,19] and the diffusion phenomena in this system [20,21] have
been studied. CoNiFeMnCr alloys in general, and equimolar alloys in particular, are
also easily castable. Conventional melting may lead to polycrystalline equiaxed alloys
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demonstrating interesting oxidation and mechanical behaviors at moderate temperatures.
Furthermore, due to their high melting start temperatures, they can be considered for uses
in hot working conditions. However, one may worry about their properties. Notably, low
mechanical resistance can be feared because of the absence of phases able to strengthen
intergrain and interdendrite spaces. For such purposes, primary carbides—and notably
MC carbides—have previously demonstrated favorable influence on high-temperature
mechanical properties in the case of chromium-rich nickel-based and cobalt-based model
alloys [22] or superalloys [23]. To achieve such reinforcement, carbon and carbide former
elements must be present in significant quantities in the concerned alloys.

Concerning specifically high-entropy alloys, the presence of carbon in their chemical
composition is exceptional (an example of such an exception: [24]). Until today, to our
knowledge, C had never been introduced in HEAs in association with Ta or Hf, elements
which lead to particularly efficient carbides for strengthening alloys at high temperatures.
Very recently, the microstructural consequences of the (0.25–0.50 C, 3.7–7.4 Ta or Hf, in wt.%)
addition to a conventionally cast CoNiFeMnCr equimolar alloy have been investigated
(e.g., [25]); this promoted the formation, in the interdendritic spaces, of script-like eutectic
TaC or HfC carbides.

The purpose of the present work is to explore the behavior of these new MC-containing
CoNiFeMnCr-based alloy properties considering high-temperature, mechanical (strength)
and chemical (oxidation) factors. Special attention will be paid to the strengthening po-
tential of the interdendritic TaC and HfC carbides in situations of creep at temperatures
as high as 1100 ◦C and to the consequences of their presence on the resistance of the alloy
against hot oxidation.

2. Materials and Methods

A CoNiFeMnCr equimolar alloy and two of the MC-containing HEAs recently ob-
tained for as-cast microstructure examinations (e.g., [25]) were produced. One targeted
the same chemical compositions and one followed the same synthesis procedure. This
procedure is described in the following sentences. Initially, the adequate quantities of pure
elements (>99.5 wt.%) were accurately weighed, using a precision balance. The elements
were placed in the copper crucible of a furnace. This one was thereafter isolated from ambi-
ent air by a silica tube closing the fusion chamber. Pumping was performed to decrease the
internal pressure down to about 4 × 10−2 mbars. Pure argon was then introduced into the
chamber until 300 mbars of argon was reached. This pumping, Ar introduction sequence
was repeated three times. Heating and melting were achieved by applying a 100 kHz
alternative current in the external coil surrounding the silica tube and the crucible. The
metallic parts were heated due to the induced Foucault’s currents and the resulting Joule
effect. At the same time, the copper crucible and coil were continuously cooled by internal
water circulation. After complete melting, the temperature of the liquid alloy was main-
tained for 10 min at about 1600 ◦C for its chemical homogenization. Liquid-state cooling,
solidification and solid-state cooling were realized by decreasing the input power. About
30 minutes later, the fusion chamber was opened and the obtained ingot was extracted from
the crucible. After classical metallographic preparation, the chemical composition and the
as-cast microstructure were controlled using a scanning electron microscope JSM6010-LA
(SEM) and an energy-dispersive spectrometer (EDS), both from JEOL (Tokyo, Japan).

Per alloy, a sample was prepared with the following approximative dimensions:
thickness = 3 mm; widths or lengths = 10 mm. The surface state was obtained by 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 h at 1100 ◦C; laboratory
air). Tests were followed by classical postmortem characterization: (1) X-ray diffraction
(XRD) on the oxidized surfaces (D8 Advance diffractometer, from Bruker, Billerica, MA,
USA) using the Cu Kα radiation (wavelength = 0.15406 nm) and analysis of the results
using the Diffrac.Eva 5.0 software, (2) embedding in a cold resin system, (3) precision
cutting of the embedded oxidized sample in two halves, (4) grinding and polishing to
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obtain a mirror-like state, (5) SEM observation of the oxides in the back-scattered electrons
mode (BSE) at various magnifications, (6) SEM observation in BSE mode of the subsurfaces
affected by oxidation and of the bulks affected by the high-temperature exposure, (7) EDS
spot analysis and concentration profiles, and (8) EDS elemental mapping.

Per alloy again, another sample was cut to obtain a parallelepiped shape (approxima-
tive dimensions: thickness = 1.5 mm; width or length = 2 and 15 mm). Its surface state
was especially prepared by grinding using #1200 SiC papers. This sample was subjected
to a centered three-point bending under a load, leading to a maximal 10 MPa 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 (intended to all be equal
to one another), the weight contents of these five elements (the molar weights of which are
close to one another) are logically very similar. This is true for the quinary CoNiFeMnCr
alloy (named “HEAbase”) as well as for the two alloys containing either Hf or Ta (named
“HEAhfc” and “HEAtac”, respectively). In the latter alloys, the Hf and Ta weight contents
are a little higher than targeted contents. Such small overestimation is usual when coarse
HfC or TaC is 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:
0.25 wt.% and 1.2 at.% for both the HEAhfc and HEAtac alloys).

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 to have occurred during solidifi-
cation. Such a phenomenon was already noticed and studied in CoNiFeMnCr alloys [26].
The Mn-enriched zones allow the dendritic structure of this alloy to be distinguished.

The as-cast “HEAhfc” and “HEAtac” alloys (Figure 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 was conducted 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. Obviously, these ones
precipitated prior to the eutectic solidification and 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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3.3. Postmortem 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 several obtained peaks were difficult to identify. Nevertheless one can estimate
that chromia, (Mn,Cr)-rich oxides and (Co,Ni)Cr2O4 spinel oxides formed on the surfaces
of the three alloys during the 50 h 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.
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The investigations about the natures of the oxides present were carried out further
with the observation of the oxidized states 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 characterization. The average thickness of the continuous oxide scale covering the
alloys is about 20–25 µm, measured where the whole scale—or at least the main part of
the initial scale—is still present (no loss by local spallation at cooling). This is twice (or
more) the one generally observed for chromia-forming alloy in the same test conditions
(i.e., oxidizing atmosphere, temperature and duration).

These micrographs also allow the examination of the subsurfaces affected by oxidation;
inward progression of oxidation took place for the three alloys, especially for the HEAbase
alloy for which local very deep progression 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 carbide-containing polycrystalline
cast alloys and superalloys (e.g., [27]). One can also note the appearance of porosities in the
same area, especially for the HEAbase alloy. This probably results from the Kirdendall effect.
This effect was already observed for CoNiFeMnCr alloys during oxidation at temperatures
of the 1000 ◦C level [28].

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 to be of
the M2O3 stoichiometry, 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).
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 [28]. In the same work,
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in which the oxidation of this alloy was also studied at 1000 and 1100 ◦C, it appeared that
there were more mixed oxides of Mn and Cr with the (Mn,Cr)3O4 stoichiometry that 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.

General chemical information about the results of oxidation on the surface and in
the subsurface is provided by EDS elemental cartography. Some X-maps are available in
Figures 9–11 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 Figures 10 and 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 (the carbide core is still unaffected, while its periphery is oxidized). In
addition, the X-maps also allow visualization of the subsurface zone depleted in chromium
and in hafnium. This is more visible in Figure 9 than in Figures 10 and 11, where these Cr
and Mn depletions in the subsurface are visually more or less hindered by the presence of
coarse Hf or Ta oxides.

To obtain some quantitative information concerning the zones modified chemically,
a series of EDS spot analyses were performed in the outermost part of each alloy, just
below the oxidation front. The obtained results led to the values of average and standard
deviation for the weight contents (Table 2).

One can see that the Cr and Mn contents are significantly lowered, especially in the
case of manganese (down to about 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. General oxidation of
the whole alloys was probably imminent when the oxidation test was stopped.
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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

3.4. Three Points Bending Creep Tests

One (1100 ◦C, 10 MPa) creep test was carried out for each alloy. The obtained defor-
mation curves (downward movement of the central point versus time) are presented in
Figures 12–14 for the HEAbase alloy, the HEAhfc alloy and the HEAtac alloy, respectively.
A common point between the three deformation curves is that the primary stage of creep
was not finished when the temperature reached 1100 ◦C since, at this moment, the defor-
mation rate was still decreasing. However, if the transition from the primary stage to the
secondary stage was realized after less than 10 h (followed by a linear deformation) for
the HEA alloy, the primary stage took more time for the two carbide-containing alloys; its
duration was about 30 h for the HEAtac alloy, while it seems to be not yet finished after
150 h for the HEAhfc alloy.

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−1 for the HEAbase
alloy and about 2 µm h−1 for the HEAtac one. In the case of the HEAhfc alloy, the rate
slightly decreases from 2 to less than 1 µm h−1 over about 150 h. This confirms that the
secondary creep stage is, thus, not yet completed. With its rather fast deformation rate, the
HEAbase sample came in contact with the apparatus base after almost 100 h (experiment
was then stopped). 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.
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3.5. Comments on the Mechanisms of Oxidation and of Creep Deformation

The oxidation phenomena obviously involved principally chromium and manganese.
This is evidenced first by the predominance of the oxides of Mn and Cr in the external and
internal corrosion products. The impoverishment of the subsurface in these two elements
and the low Cr and Mn contents in the outer part of alloy very close to the oxidation front
(particularly Mn) are other consequences of the selective oxidation of both Mn and Cr.
Cobalt, nickel and iron only played an anecdotal role in oxidation. 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 or-
dered as follows (Ellingham’s graph): Mn oxides < Cr oxides < Fe oxides < Co oxides < Ni
oxides [29,30]. Some oxides involving Fe, Co or Ni were present only as traces. The other
metals that were oxidized were hafnium and tantalum, known as easily oxidable elements.

Concerning the oxidation mechanisms, it appears obvious that 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 the result being 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 of 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
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growth mode (inward) allowed the formation of Mn and Cr oxides immersing some of
the internal HfO2 and CrTaO4 oxides formed earlier. Except these formations of HfO2 and
CrTaO4 followed by their inclusion in the Mn and Cr oxide growing inward, Hf and Ta
did not detrimentally influence the global oxidation behavior of the alloys. The oxidation
resistances of the HEAbase, HEAhfc and HEAtac alloys are poor and the degradation by
oxidation can shorten life time significantly.

If this is chromium (or aluminum), which is usually selectively oxidized in superalloys
in similar conditions of oxidation, here, external (and internal) selective oxidation also
affects manganese. Furthermore, Mn is more involved in oxidation than Cr. The oxidation
products are consequently complex and not homogeneous in compositions (oxides of both
Mn and Cr in various proportions). Despite the continuous covering of the alloy by the
external scale, because of the presence of multiple defects (heterogeneities and vacancies
due to lack of stoichiometry), the protection brought by the external scale is much lower than
in the case of the quasi-stoichiometric chromia. This is demonstrated first by significantly
higher average thicknesses for the isothermal oxidation process (twice the chromia thickness
usually observed for chromia-forming superalloys) and by the deterioration state of the
external scale after post-isothermal cooling (obvious multiple shear ruptures and loss of
oxide parts by spallation). In addition, the carbide-free HEA alloy is also affected by
fast inward progress of internal oxidation initiated by the Mn enrichment of the grain
boundaries (segregation at solidification), by the high reactivity of manganese with oxygen
(very negative free enthalpy of the oxide formation) and by the easy oxygen diffusivity
in Mn-rich oxides. Internal oxidation occurs too in the interdendritic spaces of the two
carbide-containing alloys. But the tantalum oxides and hafnium oxides resulting from
MC carbide oxidation act as barriers for oxygen diffusion, slowing down the progress
of oxidation.

Due to their inaptitude to develop an external continuous oxide scale protective
enough because of the seemingly unavoidable high presence of Mn in the scale, these alloys
are, thus, not oxidation-resistant enough to achieve a long lifespan. When present, the
TaC or HfC carbides also oxidize, internally, and this participates in the degradation of the
alloys. But, on the other hand, they limit internal Mn oxidation. They have, thus, both a
deleterious effect and a favorable effect. To close the comments about the hot oxidation
behavior of these alloys, it is sure that the expected lifetime should be rather short (less than
one hundred hours or only slightly more), an evident conclusion which can be verified later
by longer exposures (if really useful). Therefore, in case of promising mechanical properties
at high temperature, they need to be coated to protect them against hot oxidation.

Concerning the mechanical properties at high temperature, a significantly positive
influence of the MC carbides on the creep resistance was evidenced here by the comparison
with the carbide-free HEA. HfC and TaC carbides are very hard particles and very resistant
mechanically at high temperatures. Further, their particular morphology (Chinese script)
produces a strong blocking effect between neighbor dendrites and between neighbor grains.
This effect persists a long time at high temperature because of the great resistance of
these MC carbides against fragmentation and the resulting loss of carbide continuity. The
superiority of the HfC- or TaC-strengthened versions of the CoNiFeMnCr HEA base alloy
was assumed, 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 viscous-plastic 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. Unfortunately, the present creep results of the HEAtac
and HEAfhc alloys cannot be compared to published results obtained for commercial
superalloys. Indeed, such comparison requires that the commercial alloys be tested at
1100◦C and 10 MPa in the same conditions as here, i.e., centered three-point flexural
solicitation mode, same space between the two bottom supports (12 mm), similar sample
thickness, etc. To our knowledge, no results respecting these conditions are available in
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the literature. Comparisons with commercial alloys would be easier to conduct between
traction creep results but this is not possible for the moment because of a lack of the
adequate testing machine.

4. Conclusions

Inspired by recent good results obtained with polycrystalline MC-strengthened cobalt-
based or nickel-based alloys and superalloys, this work was undertaken to explore the
potential properties at 1100 ◦C of new alloys similarly designed. These ones associate an
equimolar CoNiFeMnCr matrix (known for its high intrinsic strength at various tempera-
tures) and interdendritic heat-resistant script-like eutectic MC carbides (efficient strength-
ening particles at high temperature). The obtained results are contrasted since major
improvement of creep resistance was achieved thanks to TaC and HfC by comparison with
the carbide-free reference alloy. These promising creep results will be enriched by uniaxial
tensile creep tests as soon as an adequate creep machine is installed in the laboratory.
In contrast, the hot oxidation resistances of the three alloys are low. The principal respon-
sible element is neither Ta nor Hf but Mn. It was effectively observed that manganese
took a major part of the oxide formation—externally and internally—and obstructed the
chromia-forming role of Cr. Due to the rather high level of Mn content in the Cantor’s alloy
and its derivatives, chromia failed to form and a not so protective external scale developed
instead. Improving considerably the oxidation resistance is the key to benefiting from the
(by MC) reinforcement of these alloys. Applying a protective coating to these alloys can be
a solution.
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