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PROSPECTIVE COMPOSITIONS OF HEAT-RESISTANT HIGH-ENTROPY
ALLOYS FOR FOUNDRY PRODUCTION

ABSTRACT

The work investigates promising compositions of high-entropy alloys (HEAs) based on the FeNiCrCuAl
and FeNiCrCuMn systems, which have the potential for use as heat-resistant materials in foundry production.
It is shown that the use of a specially designed vacuum medium-frequency induction furnace allows obtain-
ing high-quality ingots with active mixing of the melt and temperatures up to 1800°C. The thermodynamic
parameters (entropy and enthalpy of mixing, atomic radii, electronegativities, VEC, 0 parameter) were calcu-
lated, on the basis of which the phase compaosition was predicted. X-ray phase analysis confirmed the forma-
tion of solid solutions with FCC and BCC lattices, an ordered B2 phase (of the NiAl type). In addition to phase
analysis and structural study, the thermophysical properties (melting and crystallization heats, liquidus-sol-
idus temperatures) of alloys, and elastic properties by the dynamic mechanical analysis (DMA) method,
were investigated in a wide temperature range. The dependences of the elastic modulus and the loss factor
on temperature were established. The heat resistance of alloys (at 900°C and 1000°C) was assessed, which
showed high stability of the structure of high-entropy alloys in an oxidizing environment. The casting proper-
ties of the experimental alloys — fluidity and linear shrinkage — were studied using spiral and U-shaped test
molds, which allowed comparing them with the indicators of cast irons and steels. The fluidity of high-entro-
py alloys of the FeNiCrCuMn system is lower, and that of alloys of the FeNiCrCuAl system is higher compared
to standard steels (625, GX10CrNiMn18-9-1). Thus, the results of the study confirm the feasibility of using
alloys of the FeNiCrCuMn and FeNiCrCuAl systems as heat-resistant casting materials of a new generation.

KEYWORDS

High-entropy alloys, heat resistance, phase composition, elastic properties, thermophysical parame-
ters, B2-phase, fluidity, induction melting.

In the early 2000s, a new type of materials was discovered — high-entropy alloys (HEAs) [1-3]. Tradi-
tional alloys have one or two main chemical elements, to which other elements are added in relatively low
concentrations to achieve the desired properties. Whereas HEAs have at least five main elements, which
are in an equiatomic or close to equiatomic composition. Due to the high concentration of components,
such alloys have a high entropy of mixing, and it is entropy to a much greater extent than enthalpy that
ensures the thermodynamic stability of HEAs. High-entropy alloys, due to the different diameters of the
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atoms that make up their composition, have a deformed crystal lattice of the face-centered cubic (FCC)
or body-centered cubic (BCC) types. Such alloys are characterized by unique properties: high values of the
yield strength at room temperature, fracture toughness at low temperatures, resistance to softening at el-
evated temperatures, and wear resistance. High-entropy alloys with a BCC lattice are usually characterized
by high hardness, while those with FCC lattice are characterized by high plasticity.

But conventional single-phase high-entropy alloys also have a number of disadvantages. Hard high-en-
tropy alloys are brittle, while plastic ones have too low a yield strength. Conventional high-entropy alloys
have poor casting properties: high volumetric and linear shrinkage and low fluidity. Also, individual compo-
nents and the technology for producing high-entropy alloys are quite expensive. Usually, the method of arc
remelting in a vacuum is used. These disadvantages limit the areas of practical use of high-entropy alloys.

One of the methods for improving the operational properties of HEAs is the manufacture of alloys with
several high-entropy phases. This work is devoted to the development of cheap multiphase high-entropy
alloys from available components with the prospects for mass casting production.

If the entropy of mixing AS,; of the solution takes on large positive values, this leads to a significant
negative contribution to the Gibbs free energy of mixing and stabilization of the corresponding solid phase.
In the approximation of an ideal solution, the entropy of mixing AS,  can be calculated as

AS,, =—RS" cinc), (3.)

=1

where ¢, — the mole fraction of component i in the melt, R — the universal gas constant.
In the case of equal molar concentrations c;of each element, equation (3.1) takes the form

AS,, =Rlnn, (32)

where n — the number of components in the alloy.

Alloys with an entropy of mixing greater than 12.5 J/mol K are considered high-entropy alloys [4].

The second thermodynamic function characterizing the stability of the phase is the alloy's enthalpy
of mixing AH,,, and its effect on the phase composition of the alloy is ambiguous. According to [5], the
values of this function should be in the range —15 kd/mol < AH_, <5 kd/mol. At AH,, > 5 kd/mol, there is a
lower degree of mixing of the components, which leads to segregation of elements in the alloy, and at high
positive values of the enthalpy of mixing, stratification is possible. At high negative enthalpy of mixing
AH . < =15 kd/mol, the formation of intermetallics and ordered phases during melt crystallization is possi-
ble [6]. Only zero or small values of the enthalpy of mixing contribute to the random distribution of atoms
in the crystal lattice sites and the formation of a disordered solid solution [7]. The enthalpy of mixing of a
disordered multicomponent single-phase alloy is calculated by the equation 8, 9]

N mix
AHmix :Z;:17j¢;4AHU Cicir (33)

where AH;.”” — enthalpy of mixing of a binary equiatomic alloy of components i and j; ¢, ¢, — molar fractions
of components in the corresponding multicomponent alloy.
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The values AH;.”*X calculated by the Miedema madel for atomic pairs between elements with atomic
numbers from 1to 94 are presented in works [10—12].

The entropy of mixing is not always the dominant factor that ensures the formation of a single-phase
structure and affects the microstructure. In work [13], the structures of HEAs were analyzed and three
principles of the formation of solid solutions were formulated:

1) to obtain a high entropy of mixing, it is necessary that the number of main constituent elements
be at least five;

2) the maximum difference in the atomic radii of the elements should not exceed 12%;

3) the enthalpy of mixing should vary in the range —40 kJ/mol < AH,, <10 kd/mal.

In [5, 14], more precise parameters have been established, namely the coefficients 0 and &, which
can be used to predict phase formation in high-entropy alloys. The thermodynamic parameter () considers
the influence of entropy and enthalpy of mixing, as well as the melting point on the formation of a solid
solution [15]:

—__m mix , (34)

Tm :Z:':]Ci (Tm),-’ (35)

where T — the average melting point of an n-element alloy, K; (T, ), — the melting point of the i-th element.

To describe the influence of differences in the atomic radii of the constituent elements, the empirical
parameter §.can be expressed as follows:

ic{]—i) , (3.6)
i=1 r

;:Z" cr, (37)

it 1

where r, — the atomic radius of the i-th component, r — the average atomic radius (taking into account
atomic fractions).

A large difference in the atomic radii of the elements significantly affects the formation of a solid
solution. Strong lattice distortions lead to an increase in the strain energy, and therefore to an increase
in the free energy, which is accompanied by a decrease in the probability of solid solution formation, so the
difference in the atomic radii of the elements should not exceed 6.6%.

Thus, the parameters (1 and &, can be a fairly reliable tool for separating between the formation of solid
solutions and intermetallic phases in multicomponent systems. At a high value of the parameter (1 > 1.1and
a small value of the parameter &, < 4.6% according to [5] or 6, < 8.6% according to [14], a solid solution
based on phases with FCC or BCC lattice will form in the structure of the high-entropy alloy.
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Based on the analysis of the structures of high-entropy systems, it can be stated that the forma-
tion of a solid solution is likely at the following values of the parameters mentioned above: (1 > 1.1 and
6,<6.6%.

To describe the collective behavior of components in high-entropy alloys, the authors of [16, 17] pro-
posed two additional parameters: the electronegativity difference (Ay) and the valence electron concen-
tration (VEC). The value of Ay is determined according to the classical Hume-Rothery rule:

n —\2
M=\ e(n-1) (3.4)
where y, — the Pauling electronegativity for the i-th element:

1= DO (39)

The current literature does not provide ranges of Ay values that would indicate the formation of solid
solutions in the HEAs structure, however, the study [18] showed that with a large value of Ay, the formation
of intermetallic compounds or an amorphous phase is more likely. Judging from the tabular data[16, 18] and
the relationship between the enthalpy of mixing and electronegativity [17], it can be concluded that for the
existence of disordered solid solutions in the structure of high-entropy alloys, the difference in electroneg-
ativity (Ay) should not exceed 0.12 (or Ay <12%).

According to the Hume-Rothery rule [19], the valence electron concentration (VEC) predicts the type
of crystal lattice. The valence electron concentration can also be used to predict the formation of interme-
tallics [20]. VEC is determined from the following equation:

VEC = Z;ci (VEC)’,, (3.10)

where (VEC), — VEC for the i-th element.

VEC is a key physical parameter that governs the tendency for the formation of FCC and BCC solid
solutions, a high VEC value (> 8), the FCC phase is formed, in the interval 6.87 < VEC < 8, a mixed BCC + FCC
structure is formed, and at a lower VEC value (< 6.87) — the BCC phase [17].

In[21], a simple and practical pseudo-binary method was proposed for the design of eutectic HEA using
the VEC and AH,,, parameters. Using this strategy, a series of nanostructured eutectic HEAs consisting of an
ordered body-centered cubic (B2) phase and a phase with FCC lattice were successfully developed. By add-
ing aluminum to high-entropy basic systems (CoCrFeNi, Co,CrFeNi, CoCrFe,Ni) with a FCC lattice, eutectic
high-entropy alloys were obtained. Their eutectic structure consists of a mixture of a solid solution with
FCC structure and intermetallic compounds (FCC/IMC). All developed alloys demonstrated unique mechanical
properties with a tensile strength above 1000 MPa and a total elongation of more than 10%. When developing
eutectic HEAs with FCC/IMC structure, the FCC salid solution is selected according to the following criteria:
-5 kd/mol < AH_, < 0 kd/mol and VEC > 8.
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High-entropy alloys constitute a new class of structural materials that demonstrate a unique combination
of high strength, heat resistance, corrosion resistance and wear resistance even under extreme operating
conditions. Due to their stable microstructure and stability at high temperatures, HEAs are promising for use
in the aerospace and energy industries (in particular, in elements of gas turbine engines and nuclear reac-
tors), in military equipment, cryogenic systems, the chemical industry, as well as in the production of tools
and bioinert implants and wear-resistant coatings [22, 23]. On their basis, unique new generation composite
materials with controllable properties for critical engineering applications can be created [24, 25]. Another
promising direction is the new HEAs based on lightweight elements that combine high thermal stability of the
structure and resistance to local overheating during the joining processes involving high-energy sources [26].

31 PREPARATION OF HIGH-ENTROPY ALLOYS

To smelt high-entropy alloys in an argon atmosphere, a specialized induction vacuum furnace was
developed and fabricated. It was based on a shaft-type vacuum resistance furnace, and its schematic
diagram is shown in Fig. 3.1[27]. The tungsten heater was replaced by an inductor powered by a thyris-
tor converter with a power of 6 kW and a frequency of 20-22 kHz. Melting was performed in an alundum
crucible placed inside a graphite cup. The wall thickness of the graphite cup was optimized to minimize
electromagnetic shielding of the charge, thereby ensuring active stirring of the melt during the process.
The furnace manufactured in this way provided intensive mixing of the melt and overheated the alloy to a
temperature up to 1800°C. The following were used as charge materials: carbonyl iron of special purity TU
6-09-3000-78 (Fe > 99.99% wt.); cathode nickel (Ni > 99.99% wt.); flakes of electrolytic chromium, grade
ERX1 and chromium grade X99 in the form of small pieces; metallic manganese grade Mn997 (99.7 wt.%);
copper grade M1(99.9 wt.%) (the foreign equivalent Cu-ETP (99.9 wt.%)), aluminum ingot grade
A85 (99.85 wt.%) (the foreign equivalent ENAW-1085 (99.85 wt.%)); electrolytic cobalt grade
KO (Co > 99.98% wt.). Also, as a source of iron, nickel and chromium, stainless steel of the grade 10HI8NIL
(the foreign equivalents GX10CrNiMn18-9-1, EN 10213) was used. The technology for obtaining samples was
as follows: after loading components into a crucible with a total mass of no more than 1500 grams, the
working chamber was evacuated (P = 210-2 Pa), then flushed 2 times with high-grade argon (99.993%) and
the furnace was filled with it to an excess pressure of 15-20 kPa. When heated to 1000°C, the heating rate did
not exceed 25°C/min, so as not to crack the alundum crucible. During melting, the excess pressure of argon
in the chamber rose to 30-40 kPa. After melting and dissolving all elements, the alloy was overheated to a
temperature of 1550-1600°C and held in a liquid state for at least 30 min. The total duration of melting,
including heating and holding the alloy in its liquid state, was at least 90 minutes. After holding the alloy in a
liquid state in a high-purity argon environment, it was cooled together with the furnace to room tempera-
ture. The high-entropy alloys obtained in this way were remelted once more in an argon environment, and
after the melting was completed, the furnace lid was opened, and the melt was poured into molds using
traditional sand-clay casting. The chemical composition of the experimental HEA samples was determined
using an X-ray fluorescence express analyzer (XRF) “"EXPERT 3L".
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The chemical composition of the obtained alloys is shown in Table 3.1.

O Fig. 3.1 Schematic diagram of vacuum induction furnace for smelting samples of high-entropy alloys:

a — schematic diagram; b — photograph ; 1— thermocouple; 2 — charge material; 3 — alundum crucible;

4 — graphite cup; 5 — alundum stand; 6 — alundum tube; 7 — inductor; 8 — kaolin wool; 3 — vacuum chamber;
10 — alundum cover with a viewing window; 11 — chamber cover; 12 — viewing window; 13 — vacuum gauge;

14 — temperature recording device

@ Table 3.1 Chemical composition of HEA samples, expressed in atomic percent

No. Fe Ni Cr Co Mn Cu Al c Si P+S

1 23.88 2042 1454 - 18.49 2192 - 0430 0300 0036
2 2399 2066  12.65 = 0.1 2066  21.32 0.430  0.170 0.018
3 2.77 2058 1402 - 0.354 2322 1950 0302 0233 0020
b 1710 22.17 18.58 - - 23.51 18.56 - 0.076 0012
5 18.96 19.97 20.10 - 2030 2042 - - 0.213 0.042
6 19.30 20.13 18.60 = = 2085 2103 = 0077 0.013
7 2048 2163 18.54 21.38 17.97 - - - - -

8 2409 2043 1414 = 19.27 2.27 = 0.380 0368 0040
9 2472 2080 1241 - 19.64 21.63 - 0.381 0.388 0038
10 19.10 21.52 1779 - - 21.87 19.85 - 0085 0015
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3.2 X-RAY PHASE ANALYSIS, MICROSTRUCTURE AND THERMODYNAMIC PARAMETERS
OF HIGH-ENTROPY ALLOYS

X-ray phase analysis of the alloys was performed by X-ray diffraction on DRON-3, and Bruker D8 Advance
diffractometer (Germany) using Mo-Kat (A = 0.07093187 nm), Co-Kat (A = 0.178897 nm) radiations, respectively,
and with focusing of X-rays according to the Bragg-Brentano geometry. Depending on the type of radiation,
measurements were carried out in the angular ranges of 10°~55° and 15°—135° with a step of 0.02° or 0.05°,
respectively, with a pulse accumulation time of 2 s. For accurate determination of the lattice parameters
in the region of far diffraction peaks at large angles, a step of 0.01° and an accumulation time of 12—16 s was
used, depending on the type of sample. To study the microstructure and chemical phase composition of the
HEA samples, a REMI06I scanning electron microscope with an energy-dispersive microanalyzer (manufac-
tured by 0JSC “SELMI") was used. Fig. 3.2 shows the diffraction patterns obtained on Samples No. 4 and
No. 5 of the FeNiCrCuAl and FeNiCrCuMn systems, respectively. High-entropy alloys of the FeNiCrCuAl system
demonstrate two phases with different crystal lattices, in particular BCC (the space group Pm3m) and FCC
(the space group Fm3m). A solid solution based on the BCC phase has an ordered structure of type B2, which
is characterized by a uniform distribution of all elements within the phase and exists in equiatomic NiAl alloys.
The structure of type B2 is similar to a disordered solid solution based on a phase with a BCC structure of type
A2 and differs in that the position in the center of the unit cell is occupied by one specific type of atoms, while
another type occupies the corner positions. This is confirmed by the presence of a diffraction maximum (100)
at 20 = 36° for Co-Ka radiation (Fig. 3.2, @, Sample No. 4). The alloys of the FeNiCrCuMn system have a mul-
tiphase structure, but with different FCC lattices (FCC1, FCC2) with different periods and a BCC lattice (A2)(the
space group Im3m)(Fig. 3.2, b, Sample No. 5). The lattice periods were calculated for each reflection (hkl)in the
X-ray diffraction pattern, and then the average value of the lattice parameters was determined. For certain
X-ray diffraction patterns, Miller indices corresponding to large diffraction angles were selected to determine
the lattice parameters. Specifically, the (321) peak from Sample No. 6 was observed at angles of 54.81° and
55.18°, using molybdenum radiation with wavelengths MoKct, = 0.7093187 A and MoKac, = 0.710806 A, respec-
tively. The calculation of lattice parameters was also carried out on the basis of diffractograms using cobalt
radiation (CoKadl = 1.78897 A). Lattice parameters depend on the chemical composition and for alloys of the
FeNiCrCuAl system (Samples No. 3, 4, 6) the parameter of the BCC lattice varies from 2.8788 At02.8900 4, and
the FCC lattice from 3.6358 A to 3.6500 A (Table 3.2). For alloys of the FeNiCrCuMn system (Samples No. 1, 5)
the parameter of the FCC1 lattice changes from 3.6700 A to 3.6800 A, and the FCC2 lattice does not change
at 3.6200 A (Table 3.2). For alloys of the FeNiCrCuMn system, the diffraction pattern of one of the phases
is similar to austenite or an iron-manganese alloy Fe;Mn, with FCC1 lattice periods of 3.6700 A, 3.6800 A,
respectively, and the second phase is similar to solid solutions in copper-iron alloys, but with slightly smaller
parameters of the face-centered cubic FCC2 lattice (3.6200 R). According to Vegard's law, the theoretical
parameters of crystal lattices of alloys with the nominal charge composition Fe,Ni,Cr,,Cu,Al, and Fe,Niy,
Cr,,Cu,Mn,, were calculated. It turned out that they differ from the experimental ones, and the theoretical
parameter of the BCC lattice has a larger value (2.9125 R), and the parameters of the FCC lattice have smaller
values (3.5039 A, 3.6152 A) compared to the experimental periods.
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The discrepancy in the values of the experimentally determined and theoretically calculated parameters
can be due to both the inaccuracy of the calculation and the change in the electronic structure, chemical
composition, local order, magnetic and many other properties of solid solutions. In addition, the calculations
did not take into account the influence of impurities of silicon, carbon, phosphorus and sulfur.

1000 =5 10001 o= FCCT{Fm3
"BEE P, type B2) o :FCC%({FTnSTn))

— 8004 of — 8004 BCC{Im3m)

< 600 < 6004 o
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O Fig. 3.2 X-ray diffraction patterns of high-entropy alloys: a — FeNiCrCuAl system (Sample No. 4);
b — FeNiCrCuMn system (Sample No. 5)

@ Table 3.2 Results of phase analysis and lattice parameters of alloys of the FeNiCrCuAl, FeNiCrCuMn, FeCoNiCr
systems

Sample Lattice (space group) Radiation Lattice parameter, A
1 2 3 4
Fe20Ni20Cr20Cu20A120 BCC (Im3m) calculation 2.9125
FCC (Fm3m) 3.6152
Fe20Ni20Cr20Cu20Mn20 FCC (Fm3m) calculation 3.5039
1 FCC 1(Fm3m) CoKa 3.6800
FCC 2 (Fm3m) 3.6200
3 BCC (Pm3m) CoKa 2.8800
FCC (Fm3m) 3.6400
4 BCC (Pm3m) CoKa 2.8900
FCC (Fm3m) 3.6500
5 FCC 1(Fm3m) CoKa 3.6700
FCC 2 (Fm3m) 3.6200
BCC (Im3m) 2.8800
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©® Continuation of Table 3.2

1 2 3 4
6 BCC (Im3m) CoKat 2.8788+0.00460
MoKat 2.8894+0.00536 2.8830*
MoKao 3.6358+0.00517
BCC (Fm3m) CoKat 3.6480+0.00510
MoKa
FeNiCoCr BCC (Fm3m) CoKa 3.5702+0.00239
MoKaot 3.5768+0.0015**

Note: The lattice parameters were calculated from peaks with Miller indices *(321), *¥(331) and (420).

Typical microstructures of the cast high-entropy alloy samples of the FeNiCrCuAl and FeNiCrCuMn
systems after crystallization are shown in Fig. 3.3. The cast samples exhibit a heterogeneous structure
consisting of several phases, including dendrites, an interdendritic region, and a third phase enriched in
copper. The branches of the dendrites have a rounded shape for both alloy systems. The chemical compo-
sition of the individual phases was determined using local chemical analysis (EDX analysis). In Fig. 3.3, a, b,
the structural components are indicated by numbers (1-7), and their corresponding chemical composition
is presented in Table 3.3.

More refractory elements, such as iron and chromium, are concentrated in the branches of the den-
drites, while the interdendritic regions are enriched in elements with lower melting points, such as copper,
aluminum, manganese, and nickel. Unlike other alloy components, copper shows a tendency to segrega-
tion, forming a separate phase (Fig. 3.3, @, point 4, Fig. 3.3, b, point 7). This is due to its limited solubility
in the FeNiCrAl-based solid solution and thermadynamic tendency to form copper-enriched regions, there-
fore, copper-enriched regions have a lower mixing entropy (Table 3.3). The calculated valence electron
concentrations of individual phases indicate the potential formation of solid solutions with FCC or BCC
lattices. In alloys of the FeNiCrCuAl system, the white elongated regions in the interdendritic space of alloy
No. 4, enriched in copper (Fig. 3.3, @, point 4), are characterized by the VEC equal to 9.566 el/at. This
indicates the probable formation of a phase with FCC lattice. At the same time, the dendrites and the
interdendritic space, where the VEC varies from 7 to 8 el/at (Table 3.3), probably contain a mixture of solid
solutions with FCC and BCC lattices. This range of VEC corresponds to the transition zone between the
stability of BCC and FCC phases, which indicates the possible coexistence of both types of crystal struc-
tures in the microstructure of the alloy. In alloys of the FeNiCrCuMn system, the dendrites have an elon-
gated oval shape with uneven edges (Fig. 3.3, b). The concentration of valence electrons suggests a high
probability of forming two solid solutions in the interdendritic space of alloy No. 5, based on phases with
a face-centered cubic lattice (Table 3.3, items 6 and 7). This is further supported by the results of X-ray
phase analysis. The dendrites’ branches of the alloy No. 5 of the FeNiCrCuMn system are enriched in chro-
mium, therefore these regions are characterized by a lower mixing entropy compared to the interdendritic
space (Table 3.3, point 5).
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O Fig. 3.3 Microstructures of cast high-entropy alloys: a — No. 4 and b — No. 5 of the FeNiCrCuAl and FeNiCrCuMn
systems. Individual phases are indicated by numbers, and their chemical composition is given in Table 3.3

@ Table 3.3 Chemical composition of individual phases in high-entropy alloys of the FeNiCrCuAl and FeNiCrCuMn
systems

Chemical composition (at.%)

Alloy . VEC ASmix .
Point X Lattice
No. Fe Ni or Cu Al Hn (el/at) (J/mol'K)
4 1 3778 5.6l 46.78 415 5.68 - 7017 9.809 BCC
FCC
2 2675 1236 3453 1309 1327 - 7.286 12.576 BCC
FCC
3 8.18 3425 431 2347 2980 - 7.814 11.709 BCC
FCC
4 3.73 1336 147 67.51 1392 - 9.566 8.259 FCC
5 5 28.36  6.21 52.33 200 - Al 6.250 9.903 BCC
6 2631 2539  19.99 1001 - 19.3 8.215 13.016 FCC
7 5.46 19.51 2.88 4480 - 214 9.404 10.760 FCC

As shown in Table 3.4, the increased content of chromium and iron in the dendrites of alloys of both
systems caused an increase in the microhardness of the dendritic branches, which turned out to be
1.1-2 times higher compared to the microhardness of the interdendritic regions. At the same time, in alloy
No. 3, the opposite trend is observed — the interdendritic region demonstrates a slightly higher hardness.
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© Table 3.4 The microhardness of the structural constituents in FeNiCrCuAl and FeNiCrCuMn high-entropy alloy

samples
Microhardness, Hy (kgf/mm?)
Alloy No.
Interdendritic space Dendrites Shell around dendrites
1 233+39 233+32 -
2 198+20 296+58 =
3 328451 290452 -
4 245+24 32241 —
263+57
5 19425 28841 33044
6 343:+42 37560 =
8 172£13 192+37 -
10 195417 38142 —
252428

To further evaluate phase formation and the development of solid solutions in the studied FeNiCrCuAl
and FeNiCrCuMn alloys, key thermodynamic parameters were calculated, as summarized in Table 3.5. The
concentration of valence electrons in the alloys of the FeNiCrCuMn system (Samples No. 1, 5, 8, 9) varied
from 8.397 to 8.589 el/at, and for the alloys of the FeNiCrCuAl system (Samples No. 2—4, 6, 10) — from
7.601 to 7.846 el/at. These values indicate the formation of solid solutions with FCC lattice in the alloys
of the FeNiCrCuMn system, and in the alloys of the FeNiCrCuAl system — a mixture of two phases with
BCC and FCC lattices, which was previously confirmed by X-ray phase analysis. For the studied systems,
the value of the thermodynamic parameter (1 exceeds 1.1. The alloys have relatively small negative values
of the enthalpy of mixing AH,, from —4.867 to —3.23 kd/mol for the FeNiCrCuAl system and small positive
values of AH,, from 1.798 to 2.427 kJ/mol for the FeNiCrCuMn alloy system. All values of AH,, are in the
range —15 kd/mol < AH_, <10 kd/mol [5, 17, 28]. In addition, the configurational entropy coefficient
AS,./R = 1.61 also indicates the probability of solid solution formation (Table 3.5). A literature review of
high-entropy systems shows that solid solution formation is likely when &, < 6.6%. The FeNiCrCuAl system
exhibits an average atomic radius difference of < 6.4%, influenced by the presence of aluminum (143 pm),
while in the FeNiCrCuMn system it is about 4%. In the FeNiCrCuMn system, all elements have similar radii
(from 124 to 130 pm), which contributes to a smaller &, and, accordingly, a higher probability of forming
stable solid solutions. For reference, the atomic radii of elements in the studied systems are: Fe — 126 pm,
Ni — 124 pm, Cr — 130 pm, Cu — 128 pm, Mn — 127 pm. The difference in electronegativity (Ay) has a minimal
effect on the formation of a solid solution. Studies [16—18] show that at Ay values exceeding 0.117, the
formation of intermetallics is likely.
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© Table 3.5 Thermodynamic parameters of high-entropy alloys

ASmix AHmix

Alloy No.  ASmix/R* (J/molK)  (kd/mol) n or(%) Ay VEC Lattice

1 1.635 13.597 1.992 1.50 4.091 0.147 8.56 FCC

2 1.628 13.538 —4.867 4.315 6.349 0.132 7.69 BCC+
FCC

3 1.644 13.669 —3.863 5.527 6.01 0129 7.823 BCC+FCC

b 1.608 13.37 —3.230 6.587 5.461 0.125 7.846 BCC+FCC

5 1.624 13.504 2.427 9.549 3.256 0.143 8.397 FCC

6 1.615 13.424 —4.231 5025 5721 0.125 7.601 BCC+FCC

1 1.609 13.374 —4.153 5.814 3.am 0.136 8.033 FCC

8 1.636 13.601 1799 12.74 4.046 0.148 8.540 FCC

9 1.628 13.535 1.798 12.62 4066 0.148 8.589 FCC

10 1.612 13.404 =3.112 5.639 5.588 0.124 1745 BCC+FCC

Note: *R - universal gas constant (8.314463 J/malK).

3.3 CASTING PROPERTIES OF HIGH-ENTROPY ALLOYS

To evaluate alloys as casting materials, their technological characteristics, which are commonly called
casting properties, are studied. To date, the casting properties of high-entropy alloys remain insufficiently
studied, which determines the relevance of the presented work. The main casting properties include flui-
dity, linear and volumetric shrinkage, crack resistance. In addition, this these characteristics include mac-
ro- and microstructure, the tendency of the alloy to gas saturation, contamination with oxide films during
melting, as well as the manifestation of liquation heterogeneity of the composition. In this work, fluidity
(A) (the ability of the alloy to fill the cavity of the casting mold and accurately reproduce its configuration)
and linear shrinkage (&) were studied. To determine them, special test molds were developed that allow
obtaining quantitative data: U-shaped cast iron test mold with a vertical channel, which is an improved
modification of the Nehendzi—Samarin mold, and a sand-clay test mold with an annular channel [29]. For
the manufacture of sand-clay test molds, quartz sand was used as a filler. Liquid glass (4—5% by mass),
technical lignosulfonates and kaolin (2—3% by mass), as well as the special surfactant (mixture of sodium
salts of alkylbenzenesulfonic acids), fuel oil (I-1.5% by mass) and technical urea were used as binders.
To prevent the formation of burn-in on the surface of the castings during pouring, the inner surface of the
sand-clay sample was covered with antipenetration paste, which included: marshalite (ground powdered
quartz), polyvinyl butyral, technical alcohol, acetone and nitro enamel.
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To ensure the feeding of the mold with liquid metal until complete solidification in the U-shaped chan-
nel, a sand-clay pouring cup (funnel) was used, which provided effective thermal insulation of the melt
(Fig. 3.4). The dimensions of the pouring cup: external dimensions — diameter 90 mm, height 30 mm; cavity
dimensions — diameter 50 mm, height 65 mm. The metal flowed from the cup into the cast-iron U-shaped
sample through a transition channel 30—35 mm long and 13 mm in diameter, which ensured uniform metal
flow from the funnel. This contributed to the initial stabilization of the filling rate of the cast iron mold, while
the final stabilization was provided by the central downgate of the U-shaped mold itself. The temperature
of the metal in the cast iron U-shaped test mold was controlled using a tungsten-rhenium thermocouple
installed in the central riser near its junction with the U-shaped channel (Fig. 3.4, designation 3). Based
on these measurements, the key thermal parameters of the experiment were determined: liquidus tempera-
ture, solidus temperature, cooling rate.
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O Fig. 3.4 Cast iron U-shaped test mold for determining fluidity and linear shrinkage of alloys according to the
Nehendzi—Kuptsov method: a — photograph of the collected test mold; b — manufactured cast iron test mold;

¢ — test mold's drawing ; 1— cast iron U-shaped test mold; 2 — sand-clay pouring cup (funnel); —
3 — thermocouple installation location in the central downgate of the U-shaped test mold

The inner surface of the cast iron test mold was painted with a special water-based refractory paint
(disthene-sillimanite — 70% by weight, perlite — 25%, bentonite — 2.5%, dextrin — 2.5%). Both halves of the
mold after assembly were fixed with guide rods and a clamp. The temperature of the U-shaped mold was
16°C (room temperature). The pouring cup and the sand-clay mold with an annular channel, which was used
as a test mold for fluidity, were dried at a temperature of 600°C for 3—4 hours.
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After drying, the pouring cup was installed on the upper part of the U-shaped cast iron test mold, and
the sand-clay test mold with an annular channel — on a special ceramic stand. One portion of molten metal
weighing about 600 g was poured into the funnel of a U-shaped cast iron test mold, and the second portion
of the same mass was poured into a sand-clay mold for fluidity test. The temperature of the melt before
pouring was controlled in the furnace, then in the pouring cup and in both test molds (Table 3.6). The
pouring time was 3—4 seconds.

@ Table 3.6 Pouring temperatures for fluidity and linear shrinkage of various alloys

Alloy — S o '€ A, mm & %

FeNiCrCuMn 1450-1500 14001406 11801206 142147 2.22-2.63
{65105}

FeNiCrCuAl 15501600 = = 320 2.50

625 (AISI1025) 1570 1514 1446 2774} 1.9540.15

GX10CrNiMn18-9-1 1550 1459 1398 262{179} 2.66+0.058

(AISI 304L)

Note: In curly brackets is the length of the cost annular channel of the sand-clay mold (Fig. 3.6). t,,,.,., — metal tempera-
ture in the crucible of the induction furnace before casting; t ,,,..., ,, — metal temperature in the pouring cup above the
U-shaped test mold; t,_ ., — metal temperature at the entrance to the U-shaped channel

A control series of experiments were conducted to study the fluidity and linear shrinkage of high-entro-
py alloys of the FeNiCrCuMn and FeNiCrCuAl systems. For comparison, the casting properties of steel grades
G625L (AIS11025) and GX10CrNiMn18-9-1(AISI 304L) were also determined.

As shown in Fig. 3.5, 3.6 and Table 3.8, the fluidity of the FeNiCrCuMn high-entropy alloy is lower than
that of standard steels, whereas the FeNiCrCuAl alloy exhibits higher fluidity. It is known that the fluidity
of alloys is significantly affected by the chemical composition and other technological properties [30]. The
increased fluidity of the FeNiCrCuAl system alloy can be explained by a shorter crystallization interval com-
pared to the FeNiCrCuMn system alloy. In order to finally draw a conclusion about the fluidity of high-entropy
alloys, it is necessary to conduct additional experiments: stabilize the metal pressure in the test mold, its
geometric dimensions and configuration; control the temperature of the melt overheating above the liqui-
dus temperature; and also control the temperature in the pouring cup.

It should also be taken into account that when using a massive metal U-shaped test mold, the influ-
ence of the thermophysical properties of the alloy under study on the result can be very significant. This
influence increases with increasing heat transfer intensity from the metal to the mold. In this case, the
thermophysical parameters of the alloy may become the predominant factor governing fluidity, diminishing
the influence of other melt properties. No tendency to the formation of hot cracks was detected in the
studied high-entropy alloys.
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The linear shrinkage in this work was determined as the difference between the linear dimensions
of the foundry mold cavity (L,,,) filled with molten metal and the dimensions of the resulting casting (L,) after
cooling, according to the formula [29]

g, =LmCL—‘LC.mo%. (3.1)

C

Prior to pouring the metal into the fluidity test mold, the linear dimension of the mold cavity (L,,.) was
measured (Fig. 3.4, b). After solidification, the length of the casting (L) formed in the central downgate
of the U-shaped test mold was recorded (Fig. 3.5), and the linear shrinkage was subsequently calculated.
The linear shrinkage of castings from high-entropy alloys of the FeNiCrCuMn and FeNiCrCuAl systems ap-
proaches the shrinkage of high-alloy steels and ranges from 2.22% to 2.63% (Table 3.6). The value of the
linear shrinkage depends on the chemical composition of the alloy, the temperature and rate of filling the
mold, as well as the cooling rate of the casting itself. It is known that the linear shrinkage of castings of gray
cast iron is on average 1%, of steel — 2%, and for most other alloys — about 1.5%.
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O Fig. 3.5 Filled U-shaped channels in the Nehendzi—Kuptsov test mold with overfills for determining the |
fluidity of various alloys: a — casting from stainless steel GXI0CrNiMn18-9-1(A = 262 mm); b — steel casting 625

(X =277 mm); ¢ — high-entropy alloy casting of the FeNiCrCuMn system (A =142 mm); d — high-entropy alloy casting

of the FeNiCrCuAl system (A = 320 mm)
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¢ d
O Fig. 3.6 Assembled complex sand-clay test mold and castings from various alloys for determining fluidity and
mechanical properties: @ — complex ring test mold; b — high-entropy alloy casting of the FeNiCrCuMn system
(A=105 mm); ¢ — stainless steel casting GX10CrNiMn18-9-1(A = 173 mm); d — gray cast iron (A = 265 mm)

3.4 STUDY OF THE PHYSICAL AND MECHANICAL PROPERTIES OF HIGH-ENTROPY ALLOYS

Uniaxial tensile testing is relatively straightforward to analyze and enables the determination of several
key mechanical properties of a material in a single test. These properties serve as quality indicators and
are essential for engineering design calculations. Testing of samples with a diameter of 6 mm and a length
of 30 mm was carried out on a tensile machine model P5.
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Samples with a diameter of 3 mm and a length of 35 mm were stretched on a 1246P-2/2300 NIKIMP
installation in accordance with the requirements of DSTU EN 10002-1:2006. The stretching rate was constant
and was 1 mm/min, which corresponded to a deformation rate of £ =10° s™. The load and elongation of the
samples were measured using force and displacement sensors (extensometers) with adapters. During the
tests, the yield strength (o) the ultimate tensile strength (o), relative elongation (6), reduction of area ()
and the elastic modulus (E) were determined.

Brinell hardness was determined by applying a load of 750 kgf for 15 seconds using a hardened steel
ball with a diameter of 5 mm pressed into the material. To determine the hardness by the Vickers method,
a tetrahedral diamond pyramid with an angle at the apex of 136° was pressed into the samples. During the
tests, loads of 10, 20 and 30 kgf were used; the holding time did not exceed 15 s.

The samples’ hardness of alloys of the FeNiCrCuAl system (Samples No. 2—4, 6, 10) (Table 3.7)
is more than one and a half times higher than the hardness of samples of the FeNiCrCuMn system (Sam-
ples No. 1,5, 8, 9). The formation of a B2-ordered body-centered cubic (BCC) phase at higher aluminum
contents is the main factor responsible for the hardness increase. In addition, a significant difference
in the atomic radii of aluminum compared to other alloy elements causes local distortions of the crystal
lattice, which additionally contributes to increasing hardness and temporary resistance to fracture. The
results obtained are consistent with the data of other studies. In particular, in [31], experimental values
of microhardness and reduced Young's modulus for the studied alloys in the entire range of aluminum
concentrations are given. The dependence of microhardness is monotonic and reaches a maximum when
the alloy consists entirely of a solid solution based on the BCC phase. Samples of the FeNiCrCuAl system
with a mixed structure (with BCC and FCC lattices) in the cast state are characterized by brittle fracture
in the elastic region: & < 0.1%, ¥ < 0.1%, without a clearly defined conditional yield point (Fig. 3.7).
In contrast, alloys of the FeNiCrCuMn system with FCC structure demonstrate high plasticity: § = 40%,
1 = 64% (Table 3.7).

The ultimate strength or temporary fracture resistance () was used in the formula [32]:

HB(HV)=ko,, (312)

where the coefficient k is 2.54 for alloys of the FeNiCrCuMn system and 3.04 for alloys of the FeNiCrCuAl
system were calculated.

Thus, high-entropy alloys with aluminum content are brittle, but are characterized by the highest hard-
ness. In contrast, samples of the FeNiCrCuMn system with FCC structure have significant plasticity and
relatively low hardness, while their ultimate tensile strength and yield strength are not inferior to those
of high-alloy standard steels.

The tensile strength of alloys of the FeNiCrCuAl system exceeds the strength of high-strength cast iron
of the EN-GJS-600-3 grade. Therefore, the mechanical properties of high-entropy alloys are determined
by their crystal structure and elemental composition: alloys with a BCC lattice are characterized by high
strength and low plasticity, while materials with FCC lattice, on the contrary, are characterized by lower
strength but high plasticity.
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© Table 3.7 Hardness and mechanical properties of high-entropy alloys

Hardness (kgf/mm?) . . Elastic
Moy No. " c.MPa  o,MPa 5% ¥%  modulus, 6Pa
1 156£13.5 - 603 335 40 64 122
2 309+6.4 = 997 = = = =
3 228+36 246.4+10.5 735 - - - 136
4 30425 - 981 - - - -
5 218+18.5 - 842 - - - -
6 291+8 939
1 - 152+5.5 587 - - - -
8 12512 - 483 = = = =
9 157+3.64 - 606 - - - -
10 2754173 - 887 - - - -
800 . . 700
700 .0,=T3h MPa__| 800 o,=603 MPa
@ 600 L o 500 —T \
o =0%,0=0% | & T 3
= 500 // 6=0%p=0% = 400 //6:40%,\|J:64%_
400 £
T 300 / g3
Sl A =200
100 / 100
0 0
4950 5000 5050 5100 550 5200 4000 6000 8000 10000 12000
Moving, um Moving, um
a b

O Fig. 3.7 Load-strain curves obtained during tensile testing of cast alloy samples belonging to the following
systems: a — FeNiCrCuAl; b — FeNiCrCuMn

3.5 STUDY OF THE THERMOPHYSICAL CHARACTERISTICS OF THE OBTAINED ALLOYS

The thermophysical characteristics of the alloys were studied using a synchronous thermal analy-
zer (STA) of the STA 449F1 brand, manufactured by NETZSCH, Germany. STA is a combination of two research
methods that are implemented simultaneously on one sample — thermogravimetry (TG) and differential
scanning calorimetry (DSC). The main advantage of synchronous thermal analysis is that the mass change
and thermal effects are measured on one sample simultaneously.
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This approach provides a comparison of the results obtained by eliminating the influence of such fac-
tors as material heterogeneity, experimental conditions, sample preparation, etc. In addition, the combina-
tion of TG and DSC provides a more accurate determination of enthalpy values, since at any moment of the
experiment the actual mass of the sample is known. In addition, the STA method saves time and sample
material, which is especially important if the amount of the studied substance is limited, as well as when
working with expensive or scarce materials.

The study of the thermophysical characteristics of the HEAs were carried out in crucibles made of alu-
mina, in a dynamic environment of high-purity argon (20 ml/min). The heating and cooling rate was 20 K/min.
The accuracy of temperature measurement was +1°C. The sensitivity of the DSC signal registration was less
than 1 pW. At the same time, the accuracy of determining enthalpy and heat capacity is ensured at the level
of 3%. Thermal balances allow, during the experiment, to determine the current mass of the sample with
an accuracy of 1x107 grams. The high sensitivity of the DSC allows to detect even insignificant thermal effects
that arise in the material when heated or cooled, on the other hand, to record changes in the thermaphysical
properties of the sample under study. The ability of thermal balances to record the slightest change in the
mass of the sample during the experiment allows to record the processes that accur in alloys during heating.
Therefore, by the increase in the mass of the sample, it is possible to detect and control the oxidation of alloys.
The loss of mass of the sample can be used to track the process of evaporation and decomposition. There-
fore, synchronous thermal analysis is widely used in the study of high-entropy and amorphous alloys [33].

When studying the obtained high-entrapy alloys, the melting point of the alloy (t, — solidus temperature)
was determined, and during cooling, the crystallization point (t,— liquidus temperature) and the crystalliza-
tion interval of the alloy were determined as the difference At =t —t. The alloy samples were heated to a
temperature of 1450°C at a rate of 20 K/min, then cooled below 200°C and heated again to 1450°C (Fig. 3.8).

It is possible to distinguish the difference between the alloys of two different systems FeNiCuCrMn and
FeNiCuCrAl during their melting (Fig. 3.9). The thermogram of the alloy containing manganese clearly shows
two separate melting peaks from two different phases, while in alloys of the FeNiCuCrAl system containing
aluminum, one broad asymmetric peak was usually recorded.

The results of the studies are given in Table 3.8.
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O Fig. 3.8 General view of the DSC curve
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O Fig. 3.9 STA curves: a — FeNiCrCuMn system; b — FeNiCrCuAl system

© Table 3.8 Solidus, liquidus temperatures and crystallization intervals of high-entropy alloy samples

s Solidustem-  Liquidustem-  Crystallization 'elting heat, J/g
ample No. o o . o
perature, °C perature, °C interval, °C Solidus Liquidus
1 2 3 L 5 6
1 988.6 1284.4 295.8 29 80
2 1200 1310.8 110.8 223* -
3 1090 1320.8 230.8 226* -
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©® Continuation of Table 3.8

1 2 3 4 5 6
4 1123 1350 227 24T* =
5 996.9 1306.2 309.3 24 76
6 1098.5 1342.3 243.8 3,6 19
8 984.6 1281.2 296.6 30 131
9 990.8 1285.2 294.4 26 120
10 1100 1345.5 2455 279*

Note: *Double peaks that cannat be separated.

3.6 STUDY OF ELASTIC PROPERTIES OF HIGH-ENTROPY ALLOYS BY DMA METHOD

In this work, dynamic mechanical analysis (DMA) was first used to study the elastic properties and in-
ternal friction of high-entropy alloys depending on temperature. The basics of the DMA method were devel-
oped by K. Menard in 1998 [34]. DMA provides an opportunity to investigate the change in elastic properties
of materials under the action of small periodic, usually sinusoidal dynamic loads depending on temperature,
time and frequency. One of the leading companies in the world that produce DMA analyzers is the NETZSCH
company (Germany). The DMA 242C analyzer of this company was used for the research.

Main technical characteristics of the DMA 242C analyzer of the NETZSCH company:

— temperature range: —170...600°C;

— frequency range: 0.01...100 Hz;

— range of adjustable loads: Max. + 8 N static and Max. + 8 N dynamic;

— range of deformation amplitudes: Max. + 240 pm;

— sensitivity to the magnitude of deformation: 0.5 nm.

The appearance and schematic diagram of the DMA 242C analyzer are shown in Fig. 3.10.

As can be seen from the above characteristics, in this case very small loads are applied to the sample
(total 1.6 kg), therefore this method is rarely used for metals and alloys. This method is widely used to study
the mechanical characteristics of rubber, polymer films, polymers and fibers.

Based on the fact that the mechanical properties of alloys are structurally sensitive, that is, a change
in the phase composition or structure of the material necessarily affects its mechanical characteristics, the
DMA method was used not for its direct purpose — determining the absolute values of mechanical charac-
teristics, but to study the features of structure formation in HEAs during their heat treatment and loading.

The principle of DMA operation is based on the registration of the reaction of the material (elonga-
tion, stress, phase shift, amplitude) to the action of small periodic dynamic loads depending on tempera-
ture, time and frequency. If a mechanical force (F) is applied to the sample under study, it will cause the
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corresponding reaction of the material — deformation, stress, amplitude and phase shift. Registration
of changes in parameters and appropriate mathematical processing make it possible to assess the influ-
ence of factors on the elastic properties of the material.

Sample Holder

Gas Release
Furnace
C_oolgant inlet
Liquid N, Coclant outlet
Liquid N,
Adjustment with
L Stepper Motor
Ocillator H Farce Signal
Displacement ’ Displacement
Sensor t Signal
I
Sample
Sample Thermocouple
Sample Control
Holder Thermocouple
Heating/Cooling
Device

O Fig. 3.10 Appearance and schematic diagram of the DMA 242C analyzer
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As is known, the complex modulus of elasticity of a viscoelastic material can be written as:

=2, (3.3)
€

where E — the complex modulus, MPa; o - the load, N; € — the strain, pm; or

E|=\[E'(e)] +[E'(e)] (3.14)

where E, — the modulus of elasticity, characterizing the elastic properties of the material; £, — the loss

modulus, characterizing the conversion of mechanical energy into other types of energy, for example, into

heat, and is a measure of the unreturned, lost energy of oscillations; w — the frequency of oscillations.
Moduli of elasticity are vector quantities, the relationship between them is shown by the equations:

E' =|E|cos3, (3.18)
E" =|E]sina. (3.16)

For an elastic material: a«=0,cos 0=1,sin0=0

E=F. (3.17)

For a viscous material: o = 90°, cos90° = 0, sin90° = 1

E=E" (3.18)

Often, to assess the elastic properties of materials, a quantity called the loss coefficient, or the tangent
of the loss angle, or the internal friction of the viscoelastic system is used, it is defined as

E'(o) (319)

Efw)

DMA analysis makes it possible to determine all the above parameters depending on time, temperature,
load value and frequency. Additionally, it is possible to determine the coefficients of thermal expansion
of the material.

DMA studies were carried out by the three-point bending method on samples measuring 2xIx45 mm at
a static load of 8 N and a dynamic load of 7N, a maximum amplitude of 100 um and frequencies of 1, 5,10 Hz.

Since there are no values of the elastic characteristics of high-entropy alloys in the literature, to assess
the reliability of our results, a theoretical calculation of the elastic modulus was performed according to the
additivity law:

Erhear = 27:1 CiEi’ (320)

tano =
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where E; — the Young's modulus of the i-th element; c; < 1— the concentration of the i-th element in atomic
ratio; n - the number of elements in the alloy. The values of Young's modulus of pure metal elements are
given in Table 3.9. The results of the studies are given in Table 3.10 and Fig. 3.11, 3.12.

© Table 3.9 Values of Young's modulus of pure metals

Metal Al Fe Cr Co Ni Mn V Ir Nb  Hf Ta
Young's modulus, GPa 70 20 250 200 200 194 135 120 97 1056 137 186
© Table 3.10 Elastic properties of the studied alloys

Alloy Etheor, GPa Eexp, GPa Eexp/Etheor
Ti,ZrHfNbTa 130.9 ] 0.7

TiZr,HfNbTa 134.2 19 0.88

CrMnFeCo,Ni; 210.7 194 0.92
AlsCrisMnyFesCopNizVs 202.9 147 0.72

AlyCrgFesCorNig 1749 131.2 0.75

Young's modulus and internal friction of the alloy are structurally sensitive parameters, therefore, using
dynamic mechanical analysis, it is possible to establish those structural changes that are not recorded by DSC
analysis, since they occur without thermal effects, or these effects are strongly stretched in time, therefore,
DMA analysis can be used to study martensitic transformations [35, 36], relaxation in amorphous alloys [37]
and other effects that are poorly recorded by other methods. The studies conducted in this way show that
most of the obtained HEAs have structural transformations in the temperature range from 100 to 300°C.

O Fig. 3.1 Curves of dynamic mechanical analysis of high-entropy alloy CrMnFeCo,Ni;
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O Fig. 3.12 Curves of dynamic mechanical analysis of high-entropy alloy Al.Cr,;Mn,Fe,,Co,Ni; V;

3.7 RESEARCH ON THE HEAT RESISTANCE OF HIGH-ENTROPY ALLOYS

The heat resistance of high-entropy alloys was studied using the method of GOST 6130-71 “Meth-
ods for determining heat resistance”, recording the ratio of the change in sample weight to its surface
area (mg/cm?). Using this method, the heat resistance of HEA samples that demonstrated low kinetics
during heating and aging in an artificial air atmosphere at temperatures of 900°C or 1000°C was studied
and the data were compared with standard alloys with different oxidation resistance.

To study the heat resistance, a STA 449 Jupiter F1synchranous thermal analysis device was used. The
study was carried out in an inert gas flow (high-purity argon 20 ml/min) and in a dynamic oxidizing environ-
ment (artificial air 20/80 0,/N,, 100 mi/min). The experiments were carried out on cast samples of the same
size and shape. To establish the temperature and quantitative parameters of oxidation, two measurement
modes were used: the study of oxidation kinetics and the study of heat resistance.

Mode 1. The samples were heated in air to 1450°C. The temperature of the onset of intensive oxidation
was recorded using the thermogravimetry (TG) curve, which was determined by a sharp increase in the
weight of the sample. The temperature of the onset of the exothermic effect and its enthalpy, which corre-
sponds to the formation of an oxide film, were determined using the differential scanning calorimetry (DSC)
curve. This mode allows to establish the characteristic temperatures of the onset of intensive oxidation with
high accuracy (+1°C). The specific oxidation intensity was calculated as the ratio of the thermal effect to the
surface area of the sample (J/g cm?).

Mode 2. The samples were heated at the maximum possible rate of 50 K/min, subjected to isothermal hol-
ding in a stream of artificial air at 900°C and 1000°C for & hours with continuous control of the sample weight.
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Heat resistance was estimated as the specific increase in the sample weight during the exposure time,
related to its surface area (mg/cmZh).

Thermogravimetric diagrams of the oxidation of the samples were recorded and processed using the
Netzsch Proteus software package.

There are compositions of the samples used for the studies in Table 3.1. In addition, Sample 7_1 was
added to the study, which is close to Sample 7 but in its composition manganese was replaced by aluminum
(actual composition in wt % of Al-15, Cr-17, Fe-23, Co-21, Ni-22).

For comparison of heat resistance, standard alloys 645, SM36, GX10CrNiMn18-9-1 were used. During
the study, it was found that alloys G45, SM36 have low heat resistance compared to the studied samples
of high-entropy alloys, therefore their values were not included in the final heat resistance comparison
diagrams, these data can be found in Table 3.11.

@ Table 3.1 STA results of oxidation studies of standard alloys

Onset temperature Oxidation Average oxidation Average oxida-
No. Alloy of the intensive, intensity, at 900°C, tion at 1000°C,
oxidation °C J/g em? mg/cm’h mg/cm’h
1 645(C45) 948 2840 3.28 5.7
2 SM96 3 358.3 0.85 231
3 GX10CrNiMn18-9-1 1142 1497 0.02 0.17

High-strength alloy SM96 with a special coating is used for the manufacture of blades of gas turbine
engines, although it is excluded from the final comparison diagrams, it is heat-resistant, since compared
to steel G45, its oxidation resistance is almost 4 times higher. Oxidation of this alloy occurs in two stages.
The first stage begins at 113°C and continues to 1318°C, in this temperature range there is moderate oxi-
dation of the alloy, which leads to an increase in its weight by 0.63%. More intensive oxidation of this alloy
begins at a temperature of 1318°C.

GX10CrNiMn18-9-1 steel showed sufficiently high heat resistance, therefore its results are shown
in Fig. 3.13 and 3.14 under number 8. Although this alloy has an temperature of intensive oxidation
above 1000°C. Within prolonged exposure at 1000°C, its low oxidation intensity is initially maintained, but
after 200 min exposure, the sample begins to oxidize intensively and the surface of the sample is quickly
covered with a dense layer of oxide. After 30 minutes, an oxide layer forms on the surface of the sample,
blocking access to the metal surface and the oxidation rate decreases, Fig. 3.15.

HEA Sample No. 1when heated to 1000°C has a threshold for increasing the intensity of oxidation at a
temperature close to 400°C and from this temperature gradually oxidizes (Fig. 3.16). Other HEA samples
with manganese (Samples No. 5, 7) behave in a similar way. When exposed for 4 hours at 900°C, they
continue to oxidize evenly, the intensity of oxidation decreases with exposure time, which is obviously
a consequence of the oxide layer. But when heated to 1000°C, the intensity of oxidation remains approxi-
mately the same.
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HEA No. 4 when heated to 1000°C practically does not oxidize during heating (Fig. 3.17). When exposed
for 4 hours at 900°C, it oxidizes evenly with a very low intensity (average oxidation rate 0.001 mg/min). The
same, low level of oxidation intensity is maintained when exposed at a temperature of 1000°C. HEA No. 6

behaves similarly, which is close in chemical composition to HEA No. 4 and contains Al at the base of its
chemical composition.
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HEA Sample No. 3, similar in chemical composition, is oxidized mare intensively, but still at a rela-
tively low level. It demonstrates equally high heat resistance and its oxidation rate is in the range from
0.002 mg/min to 0.003 mg/min when exposed for 4 hours both at 900°C and at 1000°C.

HEA No. 2, when heated to 1000°C begins to gain weight of the oxide film at temperatures above 400°C,
and already at a temperature of 516°C begins to oxidize intensively, rapidly gaining weight with an intensity
of up to 0.219 mg/min (Fig. 3.18). The surface of the sample is quickly covered with a layer of oxide, which

12
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blocks access to the metal surface and already at a temperature close to 800°C the oxidation rate decreas-
es, but above 900°C the oxidation intensity begins to increase again.
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After 4 hours at 900°C, the sample continues to oxidize evenly, but with a low oxidation intensity, since
the oxide layer protects the surface of the sample. Approximately the same oxidation intensity is maintained
after 4 hours at a temperature of 1000°C. Such a strong difference in heat resistance is probably directly
related to the decrease in the chromium content in the sample.

13
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A representative example is HEA Sample No. 7_1. Its composition is similar to that of HEA No. 7, but with
manganese content replaced by aluminum. This substitution immediately altered the oxidation behavior. The
heat resistance of this alloy at 900°C reaches the level of the reference alloy 6X10CrNiMn18-3-1(Fig. 3.13) and
significantly surpasses it at 1000°C (Fig. 3.14). Furthermore, intensive oxidation is absent up to its melting
point of approximately 1379°C.

HEA Samples No. 1, 5, 7 have average heat resistance, which significantly exceeds standard structural
steels (645) and even the heat-resistant alloy SM36. They begin to oxidize at 400—500°C, but the oxide layer
at higher temperatures partially protects the materials.

HEAs samples No. 3, 4, 6, 7_1 practically do not oxidize at 900°C and 1000°C, surpassing steel
GX10CrNiMn18-9-1 at temperatures above 900°C. Therefore, the oxidation behavior of the studied samples
of high-entropy alloys differs depending on their composition. Thus, samples containing a combination of a
significant amount of Al(6—11%) and Cr (14—18%), which contribute to the formation of protective oxide films
A1203 and Cr203, have the best performance and an intensive oxidation temperature above 1000°C. Samples
containing manganese and not containing aluminum have the lowest heat resistance in this alloy system.
All samples with a high Mn content (~16—19%) showed the worst performance. HEA Sample No. 2 (Al ~11%,
but Cr only ~13%) has worse resistance than HEA No. 3 (Al ~10%, Cr ~14%), which emphasizes the impor-
tance of the combination of these elements. The content of Copper (Cu) can worsen heat resistance, the
most resistant samples are: No. 6 — has an average Cu content of ~20%, No. 7_1 does not contain copper
at all (in its composition it is replaced by cobalt). HEA Sample No. 3 has the highest Cu content ~23.2%,
which may also be the reason for the deterioration of heat and scale resistance indicators despite the
presence of Al and Cr in sufficiently large quantities. This suggests that an excess amount of copper may
be harmful and it is advisable to completely or partially replace it with cobalt to increase heat resistance.

CONCLUSIONS

A specially designed vacuum medium-frequency induction furnace provides reliable melting of high-en-
tropy alloys (HEAs) at temperatures up to 1800°C with active mixing of the melt. This allows obtaining homo-
geneous ingots with precise chemical composition and minimizing the formation of non-metallic inclusions.

Thermodynamic analysis of HEAs compositions (estimation of mixing entropy, enthalpy, &, Ay,
VEC, 0) showed that most of the studied alloys meet the criteria for the formation of solid solutions.
In alloys with aluminum, the probability of the formation of ordered intermetallic phases of type B2 (NiAl)
was revealed.

X-ray phase analysis confirmed the presence of FCC and BCC phases, in particular phases of type y-Fe,
B2-NiAl. In alloys with a high Mn content, two FCC phases with different lattice parameters are formed. The
calculated lattice periods correlate with the theoretical VEC parameters.

Thermophysical characteristics of the alloys (liquidus/solidus temperatures, heats of fusion and crys-
tallization) were determined experimentally based on STA studies. It was shown that the crystallization
intervals for HEAs significantly affect their fluidity and dendritic morphology during casting.
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The HEAs elastic properties were investigated by the method of dynamic mechanical analysis (DMA).
It was found that the elastic modulus E' decreases with increasing temperature, and the loss tangent tgd
demonstrates stable viscoelastic behavior up to 600—700°C. This indicates good stability of the structure
under thermomechanical loading.

The heat resistance of the alloys was tested at temperatures of 800—800°C. FeNiCrCuMn and FeNiCrCuAl
alloys showed a slight change in mass, preservation of phase composition and microstructure, which indi-
cates a high level of oxidative stability and suitability for long-term operation at high temperatures in air.

The casting properties of the HEAs (fluidity, shrinkage) were studied using spiral and U-shaped test
molds. The best indicators were obtained for the the FeNiCrCuAl system alloys, which demonstrated a filling
length of up to 320 mm, which exceeds the indicators of gray and special cast iron.

High-entropy alloys based on the FeNiCrCuAl system is promising heat-resistant casting material of a
new generation. It combines good fluidity, high thermal stability, favorable microstructure and resistance
to oxidation, which opens up wide possibilities for their practical application in critical machine compo-
nents, heat exchangers, energy and chemical equipment.
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