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ABSTRACT

A family of High-Entropy Alloys (HEA) composed of 3d-transitional metals is attracting great
interest due to the mechanical, magnetic and electrical properties that are valuable in the
development of advanced structural and functional materials. In this work, we studied X-
CoCrFeNi HEAs, where X = Al, Ti, or Cu, produced by mechanical alloying by means of high-
energy ball milling. Powder mixture composed of elemental metal powders transforms in a
homogeneous alloy (super-saturated solid solution) due to the intense diffusion which takes place
in the course of friction and shear deformation of the metal particles during the mechanical
alloying. The thermal stability of the HEA phases was experimentally studied in the range 873 K
— 1273 K using high-temperature X-ray diffraction and compared with the results of

thermodynamic calculations (Calphad).



Introduction

Since their discovery by Yeh and Cantor ', HEAs have become a major research topic in material
science. HEAs are characterized by outstanding properties including corrosion resistance, limited
diffusion, increased plasticity at low temperatures, and other special mechanical and magnetic
properties that depend on structure and composition. Nonetheless, their usage for technological
purposes remains limited 3. Prior to their future exploitation, a fundamental study of their stability
is a required step. The stability of materials is of primary importance per se; indeed, reliable
stability opens up new perspectives for applications including coatings, interconnects (fuel cell) 4,

and heat engine components .

Typically, HEAs are characterized by a single-phase disordered solid solution. We may wonder if
the absence of short- and long-range chemical order is maintained whatever the conditions. Is
limited diffusion in a distorted crystal lattice the guarantee of this stability? What happens in the
presence of defects or nanostructures that are inevitably formed during the elaboration process?
One way to study the stability of a material is to submit it to annealing at high temperatures and

look for possible structural transformations.

Thermal stability in cast and mechanically synthesized HEAs is debatable because experimental
data are incomplete. Among the main high-entropy families, the family composed of 3d-transition
metals is the most thoroughly studied. The CoCrFeNi single-phase alloy with an FCC crystal
structure was characterized as stable at 1173 K for 600 h ¢, but the phase decomposition occurred
at 1073 K for 800 h 7. As-cast AlCoCrFeNi alloys commonly consist of FCC dendrites and a BCC
interdendritic phase, depending on the Al content: only the FCC phase was obtained for x = 0-0.3,
a FCC+BCC mixture for x = 0.5-0.8, and BCC alone for x = 0.9-3.0 °. At temperatures above
873 K, the as-cast equiatomic AICoCrFeNi BCC phase transforms into FCC, with simultaneous
precipitation of B2 and o phase inclusions !°. A mechanically synthesized AICoCrFeNi BCC
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phase transformed into a partially disordered B2 phase after 1 h annealing at 1073 K 112,
Experimental data concerning phase transformations in MnCoCrFeNi, CuCoCrFeNi and other
HEAs have been reported in several reviews 1315, For instance, it has been shown that two similar
FCC structures co-existed in an annealed milled MnCoCrFeNi '¢; short-term annealing led to the
release of Cr and Mn from the matrix, which shrunk and formed a second metastable FCC solid
solution.

Equimolar TiCoCrFeNi is less often studied than the other compositions of the considered family.
One would expect a very complex microstructure with several intermetallic phases due to Ti.
However, TiCoCrFeNi after laser cladding was reported to exhibit one main FCC phase and two

secondary Simple Cubic (SC) and Laves phases 7.

In addition, the confrontation of experimental results with powerful modeling tools such as the
Calphad method has proven useful. In their work, Zhang and Gao demonstrated that
configurational entropy alone does not grant the stability of high-entropy alloys; thus, quantities
such as phase enthalpy (whose calculation is made possible by Calphad) are of great interest in
evaluating the stability of alloys in regard to chemical and temperature variations '®!°. The
chemical stability of the FCC solid solution in the MnCoCrFeNi system was thoroughly assessed
and demonstrated to be very well described by a database such as TCHEA1, although an accurate
secondary phase prediction was perfectible 2°. Thanks to this combined experimental and
thermodynamic approach, conclusive results have been obtained by Rao et al. 2!. They were able
to efficiently identify nano-scale precipitates predicted by thermodynamic calculations and to

confirm the role of Al in the phase formation in AlxCoCrFeN:i alloys.

In this work, we considered the family of HEAs composed of 3d-transition metals: CoFeNiXZ
where X=Cr and Z=Al,Ti. This family has been extensively studied since the discovery of the

Cantor MnCoCrFeNi HEA. Starting from the system CoFeNi that forms the core of the alloy



family, we considered the quaternary CoCrFeNi and finally quinary systems. We focused on HEAs
produced by mechanical alloying. This production method has rapidly developed over the last
decade 2223, Here, the alloying is carried out by means of high-energy planetary ball milling
(HEBM) of powder mixtures composed of elemental metallic powders. The alloyed powders were
characterized with High Temperature X-ray Diffraction (HT-XRD) and room temperature XRD

after annealing in order to estimate their stability.

We also carried out the thermodynamic description of ternary, quaternary and quinary systems
using the Calphad approach. In this way, we were able to interpret the experimental results as
compared to expected equilibrium phases and to evaluate the specificities of the alloying process

followed by annealing.



1. Materials and methods

Elemental powders of Al, Ti, Cu, Co, Cr, Fe and Ni of purity greater than 98 wt% and of various
particle sizes (all < 160 pum) were mixed in equimolar proportions and mechanically alloyed in
high-energy planetary ball mills. Table 1 summarizes the structure and the lattice parameter of the
metallic element used in this work. A water-cooling mill “Activator-2S” (Novosibirsk, Russia)
with stainless-steel cylindrical jars and balls (7 mm in diameter) was used for most of the systems
studied in this work. In these cases, the jars were evacuated and then filled with Ar gas at 4 bar.
The HEBM was run at a rotating speed of the sun wheel and the grinding drums at 694 and 1388
rpm, respectively. TiCoCrFeNi was obtained using the “AGO-2” (Novosibirsk, Russia) water-
cooling planetary mill with steel balls (9 mm in diameter) in air atmosphere, at a rotating speed of
912 rpm (for the mill) that corresponded to 2220 rpm for the jars. The second milling device was
used in order to prove that presence of oxygen in a milling jar does not prevent formation of single-
phase multicomponent alloys. The ball/powder weight ratio was 20:1 in all experiments. The

milling time was systematically 90 minutes, or 120 minutes for the CuCoCrFeNi system.

The X-ray diffraction analysis of powders was performed with a DRON-3M diffractometer
(Russia). Both Cu-K, radiation (wavelength A = 0.15419 nm) and Fe-K,, radiation (A = 0.19374
nm) were used in order to obtain complementary data. Indeed, the Fe-K, ensures a better angle
resolution. High-temperature XRD measurements were made in a vacuum at 107 Pa, within the
temperature range 298-1273 K using an ARL'XTRA diffractometer with the high- temperature
accessory HTK2000 “Anton Paar” (Switzerland). The selected annealing temperatures were 873
K, 1073 K and 1273 K. For the accurate measurement of lattice parameters at room temperature
(before and after annealing), crystalline silicon powder (NIST SRM 640b) admixed to the
analyzing powder samples was used as inner marker (standard). The lattice parameters were
determined with accuracy better than 0.002%. The SEM and EDS analyses were carried out

using a Zeiss Ultra Plus field-emission scanning electron microscope (Carl Zeiss, Germany),
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equipped with an INCA Energy 350 XT energy dispersive spectrometer (Oxford Instruments,

UK).

Thermodynamic calculations were performed using Thermo-Calc® software based on the Calphad
methodology with the TCHEA3 database. Phase fractions and phase composition as a function of
temperature were calculated for the different systems. The lattice parameter of the cubic solid

solution was estimated in the cases of ternary and quaternary systems.

2. Results

2.1. CoFeNi and CoCrFeNi

Three metals of the iron group, Co, Fe, and Ni constitute a ternary core of the 3d-transition metal

family of HEAs. These metals have similar atomic radii, but different crystal structures.

Figures 1 and 2 display the dependence of the equilibrium phase composition (expressed in volume
ratio) on temperature in the case of the ternary CoFeNi and quaternary CoCrFeNi. In order to get
a quick estimation of the composition of each phase, we also provide the distribution of elements
in the different phases. The calculation was here performed in the case of equimolar systems. For
the ternary CoFeNi, the main characteristics are as follows:

- Below 925 K, the system is composed of one ordered BCC phase and one disordered FCC
phase. Nickel is the principal element in the FCC phase. The BCC ordered phase contains
mainly Co and Fe elements.

- Above 925 K, a single FCC disordered phase is observed.

- The melting temperature is 1734 K.

In conclusion, the ternary CoFeNi may be considered as an HEA with only 3 elements.



This typical behavior can be examined in light of the behavior of pure elements and binary phase
diagrams. Nickel possesses an FCC structure from room temperature to its melting point. Although
Co(Fe) has an HCP(BCC) structure at room temperature, Co(Fe) undergoes a phase transformation
to FCC above 695 K (1184 K). The binary phase diagrams show that a single FCC solid solution
Co+Ni or Fet+Ni can be obtained in a wide range of temperatures for any ratio between the
elements. On the other hand, Co and Fe form a BCC solid solution below 1173 K if the mole
fraction in Fe is greater than 0.2 or a FCC solid solution at a lower content in Fe. It is therefore not

surprising that a single disordered FCC solid solution is observed at high temperatures.

Adding the element Cr to obtain the quaternary system CoCrFeNi leads to the following
observations:
- Above 928 K, the system is composed of a single FCC disordered phase corresponding to
the HEA.
- At lower temperatures [800 K-928 K], three phases coexist: a BCC-ordered phase with Co
and Fe, a 6 phase with a majority of Cr and the disordered FCC solid solution.

- The melting temperature is 1720 K.

Ternary and quaternary systems are characterized by the same melting temperatures. In
equilibrium conditions, a single FCC solid solution is formed in a temperature range close to the
melting temperature. For lower temperatures, the equilibrium corresponds to a mixture of different

phases.

Fig. 3 displays the XRD patterns of CoFeNi and CoCrFeNi after 90 min of high-energy ball milling
(HEBM). At the end of the process, Co, Fe and Cr peaks have disappeared. There remain only two
peaks corresponding to an FCC structure. The broadening of these two peaks is easily noticeable;

this broadening signifies that the powder most likely contains a high concentration of lattice



defects and nanosized crystallites. Indeed, a crystalline size (coherent-scattering regions) was
roughly estimated as 15 nm for CoFeNi and 21 nm for CoCrFeNi after HEBM. In addition, there
is a strong shift on the FCC peaks; for instance, for CoFeNi, the (200) FCC peak jumps from 66.7°
20 (corresponding to the pure Ni lattice parameter ap=3.520A) to 65.6° 20. The lattice parameters
of the FCC phase after 90 min of HEBM are estimated to be 3.57A for CoFeNi and 3.58A for
CoCrFeNi. Hence, there is a strong lattice parameter increase associated with the formation of an

FCC solid solution. The calculated lattice parameters are summarized in Table 2.

SEM images of milled powder cross sections are shown in Fig. 4. The lack of contrast
demonstrates that only one chemically uniform phase remains after milling. EDS microanalysis
reveals that the global composition is still equimolar in CoFeNi and CoCrFeNi. There is no
preferential adherence to the milling apparatus by any one element in particular. From XRD
measurements and SEM analyses, we can conclude that the mixtures of the individual powders
Co+Fe+Ni and Co+Cr+Fe+Ni have completely transformed into the single-phase alloys CoFeNi

and CoCrFeNi.

The CoFeNi and CoCrFeNi milled powders were annealed at 873 K, 1073 K and 1273 K over
5.1 h. The XRD patterns at room temperature after annealing are presented in Fig. 5.

Two minor peaks at 41.5° 20 and 50.25° 20 probably correspond to iron-chromium oxide
(Fe,Cr)20;3 (card PDF 000-34-0412). Although the samples were heated in a vacuum during the
high-temperature XRD analysis, some residual oxygen results in surface oxidation of the powder
particles. There is no sign of any other phase formation during annealing, although we could have
expected the formation of a ¢ phase in the case of the CoCrFeNi alloy. The direct comparison of
thermodynamic calculation to experimental results thus leads to the conclusion that the HEBM

process selects the HT phase: the FCC disordered solid solution. However, there is a slight



decrease in lattice parameter with temperature in the case of CoFeNi whereas there is a slight
increase in the case of CoCrFeNi (see Table 2). Note that this does not correspond to thermal
expansion since these XRD measurements are performed at room temperature. Rogachev et al.
suggested that the decrease could be due to the relaxation of the crystal structure ', The increase
in lattice parameter after annealing of the milled powder seems to be related to Cr. It may suggest
that some Cr-rich regions remained after milling, and that annealing led to a second chemical
homogenization associated with a lattice parameter increase. Indeed, Cr has the highest melting
temperature among the 4 considered elements and is known to be the last element to dissolve
during milling. It could also be due to the formation of the Fe,Cr oxides during annealing which
would lower the actual concentrations of these elements in the alloy. A third hypothesis is linked
to the fact that the (111) FCC peak shifts to the left whereas the (200) peak seems to remain
stationary. This could be the sign of a weak, thermally induced martensitic transformation; indeed
Rogachev et al. suggested that this kind of transformation could occur in the AlICoCrFeNi alloy
under similar constraints 2.

In addition, the width of the peaks narrows. This narrowing means that lattice defects are relaxing
and that grain size is increasing. After annealing at 1273 K, the sizes of coherent-scattering regions

increase to 1340 nm and 680 nm for CoFeNi and CoCrFeNi, respectively.

The lattice parameter was estimated by XRD at annealing temperatures during the heat treatment
for the ternary and quaternary (see Fig. 6). These experimental results have been compared to
those obtained via two different theoretical approaches. The first estimation was directly
calculated using Thermo-Calc. The second estimation relies on the well-known Vegard's law.
Vegard's law is the empirical rule that the lattice parameter of a solid solution of two constituents
is approximately equal to a rule of mixtures of the two constituent lattice parameters at the same

temperature. If generalized to a ternary equimolar system:

ao(CoFeNi) = § (a0(Co) + ao(Fe) + ao(Ni)) (1)



provided that all elements have the same crystallographic structure. Here, we used Thermo-Calc
to obtain ag(FCC-Ni,T), ao(FCC-Co,T), and ao(FCC-Fe,T) for pure elements. In the case of the
ternary, we noted that the Vegard's value best reflects the experimental observations, while the
thermodynamic approach overestimates the lattice parameter at high temperatures. In the case of
the quaternary, both estimations give greater values than the observed lattice parameter. Overall,
both calculation methods give results that are relatively close to experimental measurements;

they have proven to be useful tools in evaluating lattice parameters at elevated temperatures.

2.2. Quinary systems

The volume ratios for X-CoCrFeNi HEAs were calculated using Thermo-Calc with the database
TCHEA3 over a range of temperatures [773 K-1773 K]. Despite the fact that Mn-CoCrFeNi is
not considered in the present study, the phase fraction of the Cantor HEA is depicted in Fig. 7 for
the sake of comparison. At low temperatures, there is coexistence between a ¢ phase and a
disordered FCC solid solution. At 773 K, the Mn element is equally distributed in the ¢ phase
and FCC_dis. As the temperature increases, the volume fraction of the o phase decreases until
complete disappearance at 1100 K as compared to 900 K in the quaternary CoCrFeNi. The

melting temperature, 1573 K, is lower than the melting temperature of CoCrFeNi.

As shown in Fig. 8a, Al-CoCrFeNi is characterized by the presence of a BCC ord phase over the
whole temperature range [773 K-1773 K]. At 1073 K, the composition of the two coexisting
phases reads:

- BCC ord: Alxg Cox Fer7 Niz7 and

- ©:Co1s5Crss Feas.

Above 1273 K, the ¢ phase disappears in favor of a BCC_dis phase. The chromium element is
redistributed between the two BCC phases. At 1273 K, we have

- BCC_ord: Alzs Coz1 Cri1 Feis Nias
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- BCC dis: Coi17 Crss Fes.
Note that the composition of the BCC _dis is similar to that of the o phase. In the equimolar
case, only a very small fraction of FCC_dis is formed (0.1 % in volume). A slight variation in

the composition in Al leads to a very different result with the formation of an FCC_dis phase.

High Temperature XRD (HT-XRD) results on milled AI-CoCrFeNi powder are presented in Fig.
8b. Heating was carried out in a step-like manner with isothermal stages at 873, 1073, and 1273 K.
Starting from the bottom, the first pattern corresponds to room temperature XRD prior to
annealing. The next three patterns correspond to XRD measurement at 873 K after Oh, 1h and 2h.
The next 6 patterns follow the same logic; the final XRD pattern corresponds to room temperature
measurement after annealing.

After HEBM and prior to annealing, the AlI-CoCrFeNi powder alloy seems to exhibit a single BCC
phase, similarly to what was reported by Ji et al. with a far less powerful milling 2°. However, a
mixture of FCC+BCC has also been reported in several studies on the elaboration process of Al-

CoCrFeNi by powder metallurgy 2%’

. In addition to the influence of the mechanical alloying on
the phase constitution of the alloys, initial elemental particle sizes could play a major role in
determining the final crystalline structure after HEBM. It is worth noting that the only peak
remaining after HEBM is very broad. This peak may actually correspond to two peaks: the (111)
FCC and (110) BCC, both situated around 44.5° 20; however, the (200) FCC peak is completely
absent from the XRD pattern.

The HT-XRD patterns show that the single BCC phase is stable up to 1273 K. From this
temperature, an FCC and an intermetallic ¢ phase begin to form. Then, close analysis of the 2h
annealing pattern at 1273 K may suggest that there is a partial dissolution of ¢ in the FCC phase.
After cooling, three phases remain: FCC, BCC and c. The agreement between experimental and

calculation results is not excellent but leads to several remarks. Indeed, the calculated domain of

stability of ¢ seems to be slightly overestimated since there is no sign of ¢ at 873 K and since ¢

11



begins to disappear at 1273 K although its calculated domain was [817 K-1276 K]. Obviously, one
could argue that 2h is not enough to reach thermodynamic equilibrium and that the ¢ phase
prediction is known to be perfectible 2°. However, the formation of an FCC phase is barely
expected according to the database and this constitutes a major discrepancy. The formation of an
FCC phase could be partially explained by a composition modification due to oxide formation 28,
Indeed, oxide formation is a well-known drawback of the powder metallurgy route and could lead

to an Al depletion in the main phase.

As shown in Fig. 9a, the volume ratios for Cu-CoCrFeNi HEA were calculated using Thermo-
Calc with the database TCHEA3 over a range of temperatures [773 K-1773 K]. This HEA is
characterized by the coexistence of two disordered FCC solid solutions at high temperatures (T >
973 K):

- FCC_dis#1 with a majority of Cu (Cugy Co1 Fe Nis)

- FCC_dis#2 without Cu (Cuz Co2s Cras Feas Nin3).

The FCC_dis#1 phase melts prior to the appearance of the? FCC_dis#2 phase. The amount of
FCC _dis#1 is directly related to the fraction of Cu. The ordered BCC_ord phase and ¢ phase are
observed at relatively low temperatures.

HT-XRD results on milled Cu-CoCrFeNi powder are presented in Fig. 9b. Measurements were
carried out slightly differently than in the Al-CoCrFeNi case, the sample were heated at the
selected annealing temperature over Sh and then cooled down for each temperature of interest. For
the sake of comparison, the first pattern corresponds to XRD results after 1h of annealing and the
second after 2h. Mechanical treatment of the five-component Cu+Co+Cr+Fe+Ni mixtures results
in the formation of a single-phase FCC structure as shown in the bottom pattern.

The HT-XRD patterns reveal that a small amount of a BCC phase appears at 873 K but disappears
at 1073 K and above. This BCC phase is predicted by Calphad but at a lower temperature and

could be the sign that its stability domain is shrunk by the consequences of the elaboration process
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(such as contamination or high concentration of lattice defects). Indeed, a high concentration of
lattice defects tends to promote new phase formation. A second FCC phase, noted FCC-1, appears
at 1073 K after 2h of annealing, remains at 1273 K after 1h but disappears for longer annealing
times and is not visible after cooling. However, the two FCC phases could have very similar lattice
parameters and appear as one XRD pattern. According to our thermodynamic calculations, a minor
Cu-rich FCC is supposed to exist below 1393 K. The lattice parameter of the Cu-rich FCC phase
is estimated at 3.70 A at 1273 K by Thermo-Calc, whereas the lattice parameter of the main FCC
phase is estimated at 3.64 A. Hence, the hypothesis of two lattices of the same parameter seems

unlikely.

In the case of the Ti-CoCrFeNi, Calphad showed the coexistence of a disordered FCC_dis solid
solution and a BCC_ord phase close to the melting temperature (see Fig. 10a). The o phase persists
upon melting. At 1273 K, the composition of the three coexisting phases reads:

- BCC_ord: Tizg Coz1 Cria Feie Nizys;

- FCC_dis: Tis Cozo Cras Feas Niio;

- 0:Co15Crs3 Feas.

Most of the Ti is in the BCC_ord phase. At low temperatures (T < 1000 K), Laves phases C14
and C15, intermetallic Ni3Ti (D024) and the ¢ phase are stable. Laves phases and intermetallic
NisTi rearrange at 1000 K into FCC _dis and BCC_ord. The melting of FCC_dis takes place
prior to the melting of the BCC_ord. Over 40 K, the ordered BCC _ord phase coexists with the
liquid phase.

HT-XRD results on milled Ti-CoCrFeNi powder are presented in Fig. 10b. Heating was carried
out similarly to the previous Al-CoCrFeNi alloy, except that the XRD patterns after Oh of
annealing at the selected temperature are not displayed. Mechanical treatment of the five-

component Ti+Co+Cr+Fe+Ni mixtures results in the formation of a single-phase BCC structure
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as shown in the bottom pattern. In this case, the last remaining peak is also very broad. It could
correspond to two peaks, one FCC and one BCC.

The HT-XRD patterns show that the peaks corresponding to the BCC and FCC phases at 44.5° 20
appear clearly as two separate peaks from 873 K and above. At 873 K, the BCC phase is
predominant, whereas the FCC phase becomes the main phase at 1073 and 1273 K. Note that the
W peak corresponds to the measurement apparatus. In this case, there is also a noticeable peak
refinement with temperature, corresponding to the increase in grain size and relaxation of the
lattice defects.

The superlattice peak associated with an ordered BCC phase B2 should be close to 32° 26.
However, the main BCC peak, (110), is already so small that the superlattice reflection would not
be visible either way. The inversion between BCC and FCC phases as the main phase of the Ti-
CoCrFeNi alloy as compared to calculated results is interesting; this discrepancy could be
explained in a similar way to that noted in the Al-CoCrFeNi case. Indeed, Ti is known to be even
more reactive with oxygen than Al and could form a significant amount of nano-oxide not
discernible by XRD. However, our experimental results are coherent with laser cladded Ti-
CoCrFeNi which exhibited a main FCC phase !7. These results thus seem to point out a weakness

in the TCHEA3 database.

3. Discussion

The stability of HEAs is typically associated to the relation

AGix = AHpix — TASmix )

It is commonly accepted that the entropic term ensures the stability of the alloy at high
temperatures because of the increase in configurational entropy for a large enough number of

constitutive elements. This simple and elegant point of view is currently called into question,
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justifying the name change of HEAs to complex concentrated alloys (CCAs) %2 In order to
appreciate the contribution of enthalpy and entropy in HEA stability (eq. (2)), the mixing
behavior in Gibbs free energy, enthalpy, and entropy is presented in Fig. 11. We compared the
mixing properties at high temperature (1273 K) of the quaternary CoCrFeNi and the quinaries
Al-CoCrFeNi, and Ti-CoCrFeNi for a given phase. In this analysis, the content in Cr has been
varied. The diagrams depicted in Fig. 11 are pseudo-binary: there is an equal repartition of the
other elements whatever the content in Cr. In our previous analysis, we have remarked that the
distribution of Cr in the different phases is an important factor in the occurrence of disordered
phases. In the case of the CoCryFeNi system, we noted that the stability AG,,;, < 0 is ensured
by eq. (2) because AH,;;y > 0 in almost the whole composition range.

But the Gibbs free energy of mixing AG,,;, decreases monotically over the whole composition
range with the increase in the number of components (4 to 5). As shown in Fig. 11b(11e), the
addition of AI(Ti) radically changes the behavior of AH,;;,. Achieving a more negative AH,;,
implies the formation of stronger bonds among elements. This effect is very important at a low
content in Cr (including the equimolar x(Cr) = 0.2). In the case of the equimolar Al-CoCrFeNi
system, AH,,;, is about -30 kJ/mol for the BCC phase and -15 kJ/mol for the FCC phase. More
surprisingly, we noted a decrease in AS,,;, as compared to the quaternary system and the entropic
term TAS,,;x = 4.67 kJ/mol. The stability of the quinary HEA thus cannot be solely attributed
to the entropic effect. The same conclusions can be drawn in the case of the Ti-CoCrFeNi

system.

The ternary CoFeNi system, often named medium-entropy alloy, in fact satisfies the relation (2)
defining the notion of high-entropy alloy despite the limited number of constituents: AH,;, =
325kJ/mol > 0; —TAS,ix = —109kJ/molatT = 1273 K.

In the present work, the ternary elaborated by HEBM is composed of a single FCC disordered

phase whose lattice parameter a, =3.57 A is greater than the lattice parameter of Ni (a, =3.52
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A). Although the three constituents have similar atomic diameters, the host FCC-Ni matrix is
affected by the substitution of Ni by Co and Fe. This solid solution obtained by mechanical
treatment is chemically uniform. The annealing of CoFeNi at 873 K, 1073 K, and 1273 K has no
effect on the phase stability except a slight relaxation of the lattice parameter measured at room
temperature (a, = 3.56 A after the annealing at 1273 K for instance). In other words, the
elaboration process selects the FCC_dis phase that remains stable upon annealing. Over the
duration of annealing at 873 K, no transformation of FCC_dis to BCC_ord was observed, while
this ordered phase, mainly composed of Fe and Co, is predicted in equilibrium conditions. Our
hypothesis is that such discrepancies could be explained by the out of equilibrium process
associated with powder metallurgy. The situation is completely different in the case of CoFeNi
films prepared by reverse pulse electrodeposition with ultra-high magnetic saturation . In this
case, the CozoFessNii4 alloy is unstable for 2h annealing at 673 K with a significant reduction in

magnetic saturation.

The quaternary CoCrFeNi system also fulfils relation (1). Fig. 11 demonstrates the High Entropy
effect on alloy stability. The thermal stability of CoCrFeNi has recently attracted serious
scrutiny in the literature. Indeed, this system can be considered as the base alloy for the class of
X-CoCrFeNi HEAs where X is an element of different atomic size (Al or Ti in the present
study). In a temperature range close to its melting temperature, at equilibrium, the system is
characterized by a single FCC disordered phase (see Fig. 5). The thermal stability of the

FCC _dis phase was investigated in systems produced by means of different techniques. In the
case of HEAs prepared by arc-melting, Vaidya et al. did not observe any modification in
structure or composition for a heat treatment in the temperature interval [1073 K-1373 K] for 96
h 31, On the other hand, Feng He et al. reported that the CoCrFeNi HEA is thermally metastable
at 1023 K for a long annealing of 800 h 32, The phase decomposition is similar to the clustering

of GP zones with the formation of an FCC phase with a different lattice parameter (a, =3.55 A

16



as compared to the matrix value a, =3.66 A). The thermal stability is thus revealed to be very
sensitive to the duration and temperature of annealing. The existence of two very similar
FCC_dis phases with a slight difference in lattice parameter (0.001 A) has also been observed in

non-equimolar as-cast CoCrFeNi with no change after 3h-annealing at 1373 K 33,

In the case of HEAs synthesized by mechanical alloying followed by spark plasma sintering
(SPS), the situation is quite different. S. Praveen et al. reported that elemental powders of Co,
Cr, Fe, and Ni milled for 15h transformed into a major FCC_dis phase with a minor BCC ord
phase 6. After SPS, the major FCC phase was retained and the BCC_ord phase disappeared with
the formation of tiny second phase particles (carbide Cr7C; and oxide Cr203). Even for a long
annealing duration of 600h at 1173 K, these authors observed sluggish grain growth that did not
affect the stability of the nanocrystalline HEA alloy. The same behavior has been observed for
long annealing at the lower temperature of 973 K **. The authors attributed the strong resistance
to grain growth to the presence of carbides and oxides. In the present study, no such secondary
phases were observed. Grain growth, estimated by the increase in crystallite size, is thus not

inhibited by such oxides and carbides.

Nanocrystalline CoCrFeNi thin films deposited on Si/SiO2 and c-sapphire substrates by
magnetron co-sputtering have recently been investigated *°. In addition to the FCC phase, the
films contained an additional ¢ phase even at room temperature and in as-deposited films due to
a large number of nucleation sites and accelerated kinetics as compared to bulk systems.
Annealing at temperatures between 573 K and 1073 K leads to the formation of Cr oxides at the

expense of the ¢ phase.

The powder of CoCrFeNi-HEA produced by HEBM (see Fig. 1) is characterized by a single

FCC _dis solid solution of uniform chemical composition (see Fig. 2). The annealing at 8§73 K,
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1073 K and 1273 K over 5h did not affect the stability of the disordered FCC phase, even at 873
K where thermodynamics predicts the formation of a small amount of ¢ phase. The only
noticeable change was an increase in the lattice parameter that may be related to the complete
dissolution of Cr in the solid solution upon heat treatment or to the other hypotheses raised in
section 3. In conclusion, two main factors may induce discrepancies between experimental and
numerical results: the metastable state attained after powder metallurgy route and contamination
by minor elements. Both HEBM preparation and annealing conditions are of primary importance

in the observed phase stability.

The equimolar Al-CoCrFeNi system is among the most studied HEAs after the Cantor alloy.
Nevertheless, discrepancies between experimental results and thermodynamic calculations have
continuously been reported. In our study, a suspicious amount of FCC phase was found as soon
as the temperature reached 873 K. The hypothesis of Al oxide depleting the alloys of Al may
partially explain this observation, but it is not sufficient. Indeed, we can turn to Munitz ef al. who
focused their work on the effect of heat treatment on the arc-melted Al-CoCrFeNi alloy *¢. The
as-cast alloy exhibited a BCC phase (A2+B2) with an Al-Ni rich dendrite core and Co-Cr-Fe rich
interdentritic regions. A ¢ phase and an FCC phase formed in the interdendritic regions with heat
treatments between 923 K and 1248 K over 3h. The formation of Al oxide is easier to control in
the case of the liquid-state process; the influence of oxygen is thus most likely negligible in this
study. Yet the amount of FCC after annealing is significant; the database seems unable to predict
the correct equilibrium in this case. It is interesting to note that TCNI9, a database very similar to

HEA3, predicts a greater amount of FCC.

Studies of Cu-CoCrFeNi HEAs are mainly limited to thin films and coatings. An ef al. have found
that thin films were composed of FCC grains with preferential (111) orientation as compared to

as-cast Cu-CoCrFeNi HEAs where two FCC phases were detected (3.58 A and 3.61 A): a Cu-rich
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phase in interdendritic regions and a Cu-poor phase in dendritic morphology *’. The in-situ
annealing in TEM of Cu-CoCrFeNi thin films prepared by magnetron sputtering has been
evaluated in *® in the temperature range [673 K-973 K] for 5 min. Up to 673 K, a single FCC phase
was observed. At 823 K, the film had a two-phase structure: the original FCC phase and a BCC
phase with an epitaxial relationship. This type of transformation can be attributed to diffusionless
processes. From 823 K, fast morphological and structural changes occur, controlled by volume
diffusion processes with the separation of Cr-rich areas and Cu-rich ones. In the present study, the
annealing of Cu-CoCrFeNi HEA produced by HEBM also revealed transient phases: a BCC phase

and a second FCC phase as a function of temperature and annealing time.

Equimolar Ti-CoCrFeNi is among the least studied HEAs. Indeed, several groups evaluated the
influence of Ti on the CoCrFeNi base ***! and they concluded that Ti often leads to complex
phases such as laves and rhombohedral phases. Surprisingly enough, in our study we found only
two simple phases: FCC and BCC. The main difference is related to grain size and lattice defect
concentration. Indeed, milled powders are known to exhibit a loose crystalline structure and
complex phases could be kinetically inhibited. Hence, long term annealing could be mandatory

to reveal the actual microstructure of this alloy.

There is no consensus in the literature on the relevant duration of annealing. Indeed, annealing
studies are performed over various durations. Long term annealing has been reported by several
groups for a minimal annealing time of 50h or even 100h to ensure that the thermodynamic
equilibrium is reached in HEAs '*#2, Reynolds et al. performed high-energy synchrotron
radiation X-ray diffraction measurements during in situ annealing (SR-XRD) and noted that 3h
annealing was sometimes not long enough 43, As compared to the above-mentioned studies, the
annealing times of a few hours as used in the present work may seem a little short. However,
conclusive remarks have been drawn in the literature reporting studies with short annealing

times. Indeed, Dolique et al. demonstrated that HEA thin films deposited by DC magnetron
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sputtering were stable until a temperature just below the bulk HEA degradation temperature
using HT-XRD with short time annealing #**. Even in their SR-XRD study, Reynolds et al.
concluded that their experimental results matched well with the Calphad predictions of the phase
evolution for the B2 phase. Hence, short annealing times are an efficient way to ensure that the
database and experimental results match well enough to proceed to a thorough analysis

characterized by hundreds of hours annealing time.

The Calphad method, based on free energy minimization, gives the dependence of the
equilibrium phase composition on temperature. For the compositions investigated in the present
study, the disordered phase characteristic of high entropy alloys is formed in a temperature range
close to the melting point, while ordered phases correspond to lower temperatures. We observed
that some of these secondary phases transitorily appeared during heat treatment while others
were inhibited. In order to report these observations, the kinetics of phase transformations should
be taken into account with a detailed description of precipitation and diffusion mechanisms

together with thermodynamic parameters (driving forces) +°.

Conclusion

The investigation of thermal stability in High Entropy Alloys is a vast and complex domain. On
one hand, the name of these alloys has been shown to be somewhat misleading since the high
entropy effect has been demystified by several research groups. On the other hand, the field of
High Entropy Alloys includes a wide range of compositions and elaboration processes. In our
study, we chose to start from ternary medium entropy alloys to progress to the well-known Al-
CoCrFeNi and the less studied Ti-CoCrFeNi. The three studied quinary compositions are
relatively simple since they are equimolar with only one element varying. The thermal stability
of mechanically alloyed powders is of great interest since they embody the perfect disordered
solid solution; indeed, they do not exhibit contamination such as carbon from the sintering
medium or segregation occurring during solidification.
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In the present study, we found that medium entropy alloys CoFeNi and CoCrFeNi were the most
stable of the alloys studied. In addition, our results revealed that adding a fifth element
irremediably led to the formation of secondary phases after and/or during annealing. In a further
finding of relevance, even the most stable HEA, the Mn-CoCrFeNi Cantor alloy, has recently

been reported to exhibit two FCC solid solutions after short time annealing '6.

The limited diffusion in a distorted crystal lattice does not seem to guarantee the thermal stability
of High Entropy Alloys. Indeed, the single-phase microstructure is lost after even a short
annealing time. In addition, those secondary phases were not often predicted by the Calphad
method based on TCHEA3 (Thermo-Calc). It seems likely that the presence of defects related to
the elaboration process led to some sort of kinetic shifting of their stability domain. However, in
the case of medium entropy alloys, by confronting the thermodynamic calculations and the HT-
XRD results, we observed that some phases were inhibited at relatively low temperatures. And,
interestingly enough, in the case of quinary high entropy alloys, we found that complex phases

such as Laves and other ordered phases could also be inhibited.

Experimental results demonstrated that phase transformations and/or precipitations of secondary
phases took place in all considered equimolar HEAs. Thermodynamic calculations also showed
the co-existence of two or more phases at room and moderate temperatures, which is in
agreement with eq. (2) since the entropy impact decreases with decreasing temperature. At the
same time, we never observed complete decay of the initial HEA phase into simple ordered
compounds (intermetallics, ternary ordered alloys, etc.). High entropy FCC and BCC phases
remain after annealing in all studied materials, despite the transformations. Our findings allow us

to conclude that the search for stable high-temperature alloys can be continued.
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Table 1. Structure and lattice parameter of the metallic element used in this work.

Element | Structure | Lattice parameter
(A)

Al FCC 4.05

Co HCP 2.51/4.07

Cr BCC 2.88

Cu FCC 3.61

Fe BCC 2.87

Ni FCC 3.52

Ti HCP 2.95/4.68

Table 2. Calculated lattice parameter (A) of the CoFeNi and CoCrFeNi milled powders before and
after annealing at different temperatures. The number in parentheses is the estimated standard

deviation. For instance, 3.571(2) means 3.571 £ 0.002.

System Initial, at room | Lattice parameter after annealing and cooling down to
(alloy) temperature room temperature
873K 1073K 1273K
CoFeNi 3.571(2) 3.5711(2) 3.5621(3) 3.5620(3)
CoCrFeNi 3.575(4) 3.5706(2) 3.5748(1) 3.5752(3)
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Figure 4. SEM images of the CoFeNi (a) and CoCrFeNi (b) alloys after 90 min of HEBM. Image

in backscattered electrons.
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Figure 9. Volume ratios of phases for HEA Cu-CoCrFeNi calculated using Thermo-Calc (a). HT-
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Figure 10. Volume ratios of phases for the Ti-CoCrFeNi alloy calculated using Thermo-Calc (a).

High temperature XRD patterns of the powder after HEBM in AGO-2 (b).
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Figure 11. Calculated mixing properties of the FCC(BCC) phase at 1273 K: Gibbs free energy of
mixing AG,;y, enthalpy of mixing AH,,;, and entropy of mixing AS,;, as a function of Cr content
for the quaternary CoCrxFeNi and quinaries Al-CoCrxFeNi (a-c) and Ti-CoCrxFeNi (d-f). The

reference state is FCC(BCC) at T=1273 K. Thermo-Calc® with TCHEA3.



