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1. Introduction

The past decade has seen the appearance of a new gen-
eration of alloys interesting for various uses needing high
mechanical properties: the “high entropy alloy” principle
(HEA). Since some of them can offer good general prop-
erties at high temperatures, they may compete with the
superalloys which are used for a long time in the acronau-
tic industry (turbine disks and blades, for instance), power
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In this work two new alloys were obtained by extrapolation from a well-
known high entropy alloy, the equimolar CoNiFeMnCr one. This was done
by the addition of carbon and of tantalum, Ta being one of the strongest
MC-former elements. They were produced by conventional casting under
inert atmosphere. The obtained microstructures were characterized by X-ray
diffraction, metallography, electron microscopy, and energy dispersion
spectrometry. Their hardness was also measured by hardness indentation.
In parallel, the original CoNiFeMnCr alloy was also synthesized and
characterized for comparison. The reference HEA alloy is single-phased
with an austenitic structure, while the two {Ta, C}-added alloys are
double-phased, with an austenitic matrix and interdendritic script-like
TaC carbides. The matrixes of these HEA/TaC alloy are equivalent to
an equimolar CoNiFeMnCr alloy to which 2 wt.% Ta is present in solid
solution. The presence of the TaC carbides caused a significant increase in
hardness which suggests that the HEA/TaC alloys may be mechanically
stronger than the HEA reference alloy at high temperature.

generation (burners, hottest parts of turbines...) and in-
dustrial processes working at elevated temperature (tools
for shaping molten glasses...) " Many HEAs contain
in equimolar quantities (or also in various quantities) and
with different numbers of metals often belonging to the
{Fe, Co, Ni, Cr, Mn} list **. These five elements consti-
tute a quinary system, the thermodynamic description of
which was studied until recently *”. Beside the conven-
tional foundry of equimolar FeCoNiCrMn alloys, different
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ways of elaboration of superalloys were recently applied
to HEAs: single crystalline growth ), additive manu-
facturing ' or thin film deposition """, Their behaviors
in case of extreme conditions of solicitations were also
explored, mechanical properties """'* or chemical reactiv-
ity at high temperature "\, Evolutions of chemical com-
position - variation of the Co or Ni content 'Y (and even
suppression of Co " or of Ni "%) - were tested, and the
notion of “Medium Entropy Alloys” has also appeared """
Nanoparticles of SiC particles have also started to be in-
troduced in HEAs ",

The equimolar FeCoNiCrMn alloys are not far from
cobalt-based superalloys, strengthened by solid solution,
or from the matrix of polycrystalline cobalt-based super-
alloys with grain boundaries strengthened by carbides.
Indeed, these cobalt-based superalloys are generally rich
in nickel and in chromium, at least. The contents are not
equivalent (50 wt.% Co or a little more, 10 wt.% Ni and
30 wt.% Cr) but one can guess that HEAs involving these
elements may usefully contain primary chromium car-
bides or MC carbides as additional phases. The additional
presence of such second phase (and third phase in some
cases) is likely to push upwards the mechanical resistance
at high temperature of HEAs, the matrix intrinsic strength
of which can become no longer sufficient. A particular
beneficial effect can be expected from the use of TaC car-
bides earlier successfully tested in polycrystalline chro-
mia-forming cobalt-based model or industrial alloys .

The aim of this work is to start investigating the prin-
ciple of {in situ precipitated}-interdendritic script-like
MC carbides, by synthetizing several HEA-based alloys
in which the formation of MC carbides is promoted by
the addition of carbon and of Ta, in quantities having
earlier led to MC populations in adequate fractions """,
Checking the reproduction of alloys similar to the model
alloys cited above but with a matrix equivalent to a HEA,
and characterizing their as-cast microstructures as well as
their room temperature hardness, are the objectives of this
work.

2. Materials and Methods

The three alloys were prepared by mixing pure ele-
ments: Co (centimetric flakes), Ni (millimetric balls), Fe
(centimetric flakes), Mn (centimetric flakes) and Cr (cen-
timetric blocks) for the “HEA” alloy, with additionally
C (millimetric graphite rods) and Ta (millimetric slugs).
The purity of all elements was > 99.9 wt.% (Alfa Aesar
and Aldrich). The charges were weighed with accuracy to
reach 40 g and the following contents:

* Equimolar CoNiFeCrMn, alloy called “HEA ref.”;

* 96 wt.% (CoNiFeCrMn) - 0.25 wt.% C - 3.72 wt.% Ta,

alloy called “HEA/TaC1”;

* 92 wt.% (CoNiFeCrMn) - 0.50 wt.% C - 7.44 wt.%
Ta, alloy called “HEA/TaC2”.

Each mix of elements was placed in a copper crucible
equipping a high frequency induction furnace (CELES,
France; power: 50 kW). This metallic crucible was contin-
uously cooled by circulating water at ambient temperature
during the elaboration steps.

After introduction of the mix of pure elements, a
silica tube was placed around the crucible and closed
to allow the evacuation of the present air, operated by
pumping. Crucible and silica tube were surrounded by a
water-cooled copper coil in which an alternative current
circulated. The frequency of the alternative current was
between 100 kHz and 150 kHz, and the applied voltage
was between 4 kV and 5 kV, this depending on the alloy.
After 3 cycles made of pumping until 4 x 10~ bars fol-
lowed by filling by pure Argon, the internal atmosphere
was considered as being pure Ar, with a pressure rated at
about 400 mbars.

Heating led to the melting of the charges made of pure
elements, and the obtained liquid alloy was maintained at
the highest reached temperature during fifteen minutes to
achieve total melting and chemical homogeneity for the
liquid. During the cooling, produced by decreasing the in-
put power/voltage, the alloys started solidifying, and later
cooled in solid state. After about 20 minutes to 30 min-
utes, the obtained ingots were again at room temperature
and they were extracted from the crucible.

Each ingot was first embedded in a cold resin mixture
(ESCIL, France) to be more easily cut using a metallo-
graphic saw to produce a sample with the adequate shape
and size to prepare a metallographic sample. The cut part
was embedded in the cold {resin + hardener} mixture.
The obtained embedded alloy samples were ground by us-
ing first #600-grade SiC papers, and second #1200-grade
papers. Final polishing was carried out using a textile disk
enriched with 1 um hard particles.

The obtained mirror-like samples were put, one after
one, in the chamber of a Scanning Electron Microscope/
SEM, model JSM-6010LA (JEOL, Japan). Their micro-
structures were observed in Back Scattered Electrons
mode/BSE (acceleration voltage: 15 kV), at different mag-
nifications. The Image J software was used to measure
the surface fractions of the present particles (on three x
1000 SEM/BSE images per alloy). Energy Dispersive
Spectrometry was used to control the obtained chemical
compositions by full frame analysis (at the X 250 magnifi-
cation). Additionally, spot analyses were performed on the
visible particles to identify them and to specify the chemi-
cal composition of the matrix. X-ray diffraction/XRD was
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also carried out for all alloys to complete the identification
of the present phases. This was done using a D8 Advance
diffractometer from Bruker (wavelength of the Ko transi-
tion of Cu).

The metallographic samples were also subjected to
indentation tests to assess the hardness of all alloys. This
was carried out using an automatic indentation machine
(PRESI, France), according to the Vickers method. The
applied load was 10 kg for all tests. Five indentations
were carried out per alloy.

3. Results

3.1 Microstructure and Composition of the “HEA
ref.” Alloy

X-ray diffraction (XRD) carried out on the reference
alloy designed to be CoNiFeMnCr equimolar led to the
diffractogram given in Figure 1. This one demonstrates
that the alloy is single-phased and contains only a Face
Centered Cubic solid solution. This is confirmed by the
observation of the microstructure of the metallographic

present in the alloy. The alloy effectively appears as sin-
gle-phased while the EDS results (Table 1 and Table 2)
confirm that the alloy is really equimolar.

Table 1. Chemical composition in weight percent of the
reference alloy (average and standard deviation calculated
from the results of three x 250 full frame areas)

Average 19.8 214 19.5 19.5 19.8

content

Standard 0.2 0.2 0.1 0.0 0.1
deviation

Table 2. Chemical composition in atomic percent of the
reference alloy (average and standard deviation calculated
from the results of three x 250 full frame areas)

Average 18.9 20.4 19.5 19.9 213
sample using the SEM in BSE mode, illustrated by the content
SEM/BSE micrograph provided in Figure 2 together Standard 0.1 02 01 0.0 01
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Figure 1. Diffractogram of the HEA reference alloy
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Figure 2. SEM/BSE micrograph of the microstructure of the HEA reference alloy (left) and EDS spectrum acquired on
this area (right)
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An elemental map was also acquired on the HEA refer-
ence alloy to study its chemical homogeneity (Figure 3).
It allows observing that all elements are rather homoge-
neously distributed in the single phase, except manganese
which is more present in areas looking as interdendritic
spaces.

3.2 Microstructures and Compositions of the
{Ta,C}-Containing Alloys

The X-ray diffractograms are acquired on the two al-
loys resulting from the addition of tantalum and carbon
(Figure 4) both contain all the peaks corresponding to
the FCC solid solution CoNiFeMnCr already featuring in
the diffractogram of the HEA reference alloy (Figure 1).
Additional peaks are also present: they correspond to the
TaC phase. The microstructures of these two {Ta, C}-con-
taining alloys are illustrated by SEM/BSE micrographs in
Figure 5 together with the EDS spectra acquired on these
zones. The global chemical compositions of these two
alloys measured by full frame EDS analysis on three dis-
tinct zones (magnification x 250) and the chemical com-
position of the matrix measured by spot analysis in three
distinct locations, are given in Table 3 for the HEA/TaCl
alloy and in Table 4 for the HEA/TaC2 alloy. Obviously
the two alloys each contain at least two phases, including
a dendritic matrix. The global chemical compositions are
globally well respected.

The microstructure of the HEA/TaCl alloy is composed
of a dendritic matrix and of an interdendritic compound.
Observations at higher magnification (Figure 6, left) allow
distinguishing two phases in the interdendritic compound.
This compound is made of a part of matrix (identified by
EDS spot analysis) and of white particles. These ones are
TaC carbides, the presence of which was already shown
by XRD. The TaC composition was evidenced by spot
EDS analysis performed on the coarsest white particles
found: almost exclusive presence of Ta and C, and molar
equivalence between Ta and C. Due to its interdendritic
location and to its constitution in two phases closely im-
bricated, this compound is certainly of a eutectic nature; it
precipitated at the end of solidification with the simultane-
ous growth of additional matrix and TaC carbides.

Although similar to the HEA/TaCl one (presence of a
dendritic matrix, {matrix + TaC} compound), the micro-
structure of the HEA/TaC2 alloy presents a particularity
since it also contains in addition blocky white particles.
EDS spot analysis shows that there are also TaC carbides.

The surface fractions of the TaC phase were measured
on three randomly chosen X 1000 SEM/BSE micrographs
for the two alloys, using the Image J software, after hav-
ing rated the threshold to isolate the white TaC from the
gray matrix. The HEA/TaCl alloy contains about 6.4
surf.% of TaC and the HEA/TaC2 contains 11.2 surf.%

TaC (average values).

Figure 3. X-maps obtained on the HEA reference
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Figure 4. Diffractograms of the HEA/TaC1 (top) and HEA/TaC2 (bottom) alloys
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Figure 5. SEM/BSE micrographs of the microstructure of the HEA/TaC1 alloy (top, left) and EDS spectrum acquired
on this area (top, right), and of the HEA/TaC2 alloy (bottom left) and the corresponding EDS spectrum (bottom, right)
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Table 3. General chemical compositions of the HEA/TaCl alloy (average and standard deviation calculated from the
results of three x 250 full frame areas) and chemical compositions of its matrix (all contents in weight percent, carbon
not possible to analyze but supposed to be well respected: 0.25 wt.% C)

HEA/TaC1
Whole Wt.% Co | Wt.% Ni Wt. % Fe | Wt.% Mn | Wt.% Cr | Wt.%Ta
0.1 18.6 18.3 19.2 4.5

alloy
Average 19.3 2

content
Standard 0.2 0.5 0.5 0.3 0.3 0.4

deviation
HEA/TaC1
Wt.% Co | Wt.%Ni | Wt.%Fe | Wt.% Mn | Wt.%Cr | Wt.%Ta

Matrix

Average 20.5 20.5 20.9 16.7 19.4 2.1
content

Standard 0.4 0.3 0.9 1.4 0.6 0.1

deviation

Table 4. General chemical compositions of the HEA/TaC2 alloy (average and standard deviation calculated from the
results of three x 250 full frame areas) and chemical compositions of its matrix (all contents in weight percent, carbon
not possible to analyse but supposed to be well respected: 0.5 wt.% C)

Wt.% Cr

Wt.% Mn

HEA/TaC2
Whole
alloy

Wt.% Fe

Wt.% Co | Wt.% Ni

18.5 20.0 17.9 18.1 19.1 6.3

Average
content
0.5 0.2

Standard
deviation

HEA/TaC2
Wt.% Ni | Wt.% Fe | Wt.% Mn

0.5 0.2 0.3 0.7

Wt.% Co Wt.% Cr | Wt.%TaC

Matrix
22.1 18.9 1.9

Average 18.2
content

Standard 0.5 1.2 2.1 2.0
deviation

22.8 16.2
0.3 0.4
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Figure 6. High magnification SEM/BSE micrographs for observation in details of the microstructures of the two {Ta,
C}-containing HEA alloys (left: HEA/TaCl, right: HEA/TaC2)
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Several EDS spot analyses were also carried out in the
matrixes of both alloys (bottom parts of Table 3 and Ta-
ble 4). Unsurprisingly (since there is only a second phase
which is TaC carbide in both alloys), the matrixes are
equimolar in Co, Ni Fe, Mn and Cr. But they also contain
about 2 wt.% Ta, showing that only a part of tantalum is
involved in carbides. A part of carbon is consequently also
necessarily present in solid solution in the matrix but, un-
fortunately, it cannot be analyzed.

One can also notice that the Mn and Fe contents seem
varying in the matrix of each alloy. The X-maps presented
in Figure 7 effectively evidences in the case of the HEA/

v |

Figure 7. X-maps obtained on the HEA/TaCl alloy

TaCl alloy, slight but real variations in Mn content in its
matrix. One encounters again what was observed in the
HEA ref. alloy in Figure 3.

3.3 Hardness of the HEA ref. and HEA/TaC Alloys

Per alloy, five indentations were carried out according
to the Vickers method, with a 10 kg load. The results, dis-
played in Table 5, are available for comparison with the
hardness of the HEA reference alloy. It clearly appears
that the presence of carbides induced a significant increase
in hardness.

1

HEA/TaC1

Table 5. Hardness of the HEA/TaC alloys in comparison with the HEA reference alloy

Average 121
content
Standard 2
deviation

180 194
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4. Discussion

The first alloy to be produced with the apparatus used
here (High Frequency Induction furnace, fusion and so-
lidification achieved in a unique water-cooled copper
crucible) and the elaboration protocol (all the operating
parameters applied here) was the HEA ref. one. It was
successfully obtained as a single-phased austenitic alloy,
as it is obtained by all researchers working on this type of
HEA alloy. The elemental distribution was globally homo-
geneous, except concerning Mn. The two HEA/TaC alloys
themselves presented a matrix globally homogeneous, ex-
cept Mn again. In their case, the presence of interdendritic
particles allowed evidencing that the Mn-enriched zones
of the matrix were close to the interdendritic spaces, and
thus that Mn was subjected to positive segregation. The
knowledge of this not perfect chemical homogeneity of
the matrix allows thinking to apply a homogenization heat
treatment prior to the use of these alloys, since this small
lack of homogeneity can be deleterious for some proper-
ties.

The addition of Ta and of C successfully led to an inter-
esting population of carbides. TaC formed at the expense
of other types of carbides, notably at the expense of chro-
mium carbides as this previously occurred in earlier alloys
fabricated following the same elaboration way and similar
protocols (in Ni-30Cr-0.2 or 0.4C-3 or 6Ta °"). In that
way, the 20 wt.% Ni in presence of 20 wt.%Cr is probably
compensated by the 20 wt.% Co and 20 wt.% Fe more
favorable to the formation of TaC. Indeed, these two last
elements did not cause earlier problem of predominance
of chromium carbides on TaC carbides in Cr-rich alloys
for which they were the base elements >,

As in the earlier studied Cr-rich alloys based on Co
or on Fe ¥, the TaC carbides obtained here have ap-
peared in the last zones to solidify and they are essentially
eutectic with close imbrication with matrix, and of the

[22]

script-like morphology. Good initial interdendrites and in-
tergrains cohesion at high temperature can be thus expect-
ed on long time for delaying the transition from secondary
state of creep to the tertiary state. It is true that other TaC
particles - coarse blocky carbides not mixed with matrix -
are present in the HEA/TaC2 alloy, but one can think that
they can be not detrimental for the mechanical properties
at high temperatures. These blocky TaC are similar to
the ones previously observed in cobalt-chromium alloys
with high contents in Ta en C (15 wt.% and 1 wt.% C)
carlier studied *”'. In these alloys earlier studied, thermo-
dynamic calculations evidence that low C and Ta contents
led to the appearance of eutectic TaC carbides only, the
dendritic matrix being thus the first solid phase to crys-

tallize from the liquid state. In contrast, higher C and Ta
contents induced the pre-eutectic crystallization of a first
TaC population instead of the matrix. These pre-eutectic
TaC carbides grew, freely in the liquid, with a blocky and
angular shape and became the coarse carbides not neces-
sarily located in the interdendritic spaces observed in the
metallographic samples. The origin of the blocky carbides
observed in the HEA/TaC2 alloy is certainly the same:
moving from {0.25 wt.% C, 3.7 wt.% Ta} to {0.50 wt.%
C, 7.4 wt.% Ta} obviously induced here too change of
location of the alloy from one side of the eutectic valley
to the other side, with as consequence a solidification of
first TaC and second TaC & matrix, instead a solidification
of first matrix and second TaC & matrix. By comparison
with these earlier studied cobalt-based alloys, the replace-
ment of a great part of cobalt by new elements to achieve
equal proportions in Co, Ni, Fe, Cr and Mn, has obviously
caused a displacement of the eutectic valley toward lower
tantalum and carbon contents.

To speak again about the matrix, this one is not real-
ly an equimolar alloy since it contains also 2 wt.% Ta.
This is the typical Ta content in the matrix of Cr-rich Co-
based alloys containing 0.2C-3Ta or 0.4C-6Ta (wt.%) *”
(and twice the one in the Cr-rich Fe-based alloys with
the same C and Ta contents ™, or half the one in the Cr-
rich Fe-based alloys with the same C and Ta contents *").
The presence of Ta in solid solution in the matrix did not
change its single-phase state and it may possibly bring an
additional strengthening.

Concerning the properties of these TaC-strengthened
alloys at high temperature, an ongoing study has brought
first results of microstructure behavior. They are illustrated
in Figure 8. After 50 h at 1100 °C, no start of local melting
was detected. Furthermore, the TaC carbides population
has not significantly changed. The script-like shape of the
eutectic carbides is kept, despite a limited fragmentation
and the pre-eutectic blocky carbides of the HEA/TaC2 al-
loy are not affected. There is another modification which
is interesting to notice: the precipitation of fine carbides
from the Ta and C initially present in solid solution in the
matrixes of the as-cast alloys. This is a potential source
of additional strengthening which can be useful during
the steady state of creep deformation (secondary step of
creep). These secondary TaC are more numerous in the
HEA/TaCl alloy than in the HEA/TaC2 alloy. In this sec-
ond alloy, the higher density of primary TaC led Ta and
C diffusing towards the neighbor carbides to precipitate
on their surfaces. The contribution of fine dispersed TaC
carbides will be thus more useful for the HEA/TaCl alloy
than for the other alloy. Creep tests are scheduled on these
HEA/TaC1 and HEA/TaC2 alloys to assess the progress
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in strength at high temperature due to these TaC carbides
added to the HEA reference alloy.

" 50pm

HEA/TaC2 after 50h at 1100°C

Figure 8. Microstructures of the two HEA/TaCl1 (left) and
HEA/TaC2 (right) alloys after 50 hours at 1100 °C (SEM/
BSE at the x 250 magnification and at x 500 in the top
right corners).

5. Conclusions

The as-cast microstructures obtained for the new alloys
resulting from the addition of Ta and C to an equimolar
CoNiFeMnCr HEA alloy are thus composed of a matrix
similar to a HEA alloy, despite the presence of Ta (and C)
in solid solution in proportion much lower than the first
five elements, and of interdendritic TaC carbides forming
a eutectic compound with the peripherical parts of the ma-
trix dendrites. The combination of these two phases can be
potentially very interesting, knowing the good properties
of equimolar CoNiFeMnCr alloys (furthermore possibly
enhanced by Ta in solid solution) and the script-like TaC
carbides which have earlier demonstrated their beneficial
effect for the creep resistance of Cr-rich Co-based superal-
loys. Now, the morphological sustainability of the script-

like TaC carbides on long term at high temperature needs
to be tested, and the mechanical properties are to be tested
in hot conditions, by creep tests for instance. Another im-
portant point to check is the behavior of these HEA/TaC
alloys in oxidation at high temperature. This one risks
to be not sufficient because of the rather low chromium
content to which the equimolar criterion led. These inves-
tigations of the microstructure, mechanical and oxidation
properties at high temperature are being done in new on-
going studies.
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