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The paper presents the results of studying the structure and properties of quasi-high-entropy alloys (QHEAS) of the
Cr—Mn—Ni—Fe—Co—Nb system, with the Nb content 0—18 %. These alloys were smelted with partial use of fer-
roalloys in the charge, which is their feature and determines formation of new phases. For the experimental alloys
obtained under the specified smelting conditions and charge composition, the Laves phase and the ¢ phase were
not detected. The structure of the studied alloys is represented by the FCC solid solution that includes all the met-
als, and the niobium content varies widely. In addition, the structure is represented by interstitial phases: niobium
carbide NbC, ;,_, ;, manganese carbide Mn,C; and intermetallic CrNi with the cubic lattice. Introduction of nio-
bium in the Cr—Mn—Ni—Fe—Co—Nb system in the amount of 14—16 % leads to increase of hardness, compression
strength and wear resistance. The niobium content above 18 % leads to a slight decrease of these parameters, which
can be explained by its uneven distribution in the structure. The study shows that the partial use of ferroalloys in
the charge makes it possible to obtain alloys of the Cr—Mn—Ni—Fe—Co—Nb system of the QHEA type that have a
higher commercial attractiveness due to simplification of the smelting technology and the cost of the charge.

Key words: quasi-high-entropy alloys, Cr—Mn—Ni—Fe—Co—Nb system, ferroalloys, structure, hardness, wear re-

sistance, carbides, intermetallic compounds.
DOI: 10.17580/cisisr.2025.01.08

Introduction

The alloys of the Cr—Mn—Ni—Fe—Co—Nb system, which
composition was developed on the base of an entropy ap-
proach, are the objects of this research. Such alloys are named
as high-entropy alloys (HEAs). Their main feature is absence
of a dominating element in composition, e.g. Fe in steel. At
least 5 elements should be presented in HEA composition,
and content of the elements in the first HEAs should be in
equiatomic concentration [1—7]. Additional development
of HEAs provided widening of the boundaries of composi-
tion understanding, i.e. content of the elements in the alloy
composition can be characterized by relation differing from
an equiatomic one; however, absence of a dominating element
in the composition still remains the main HEA feature. Such
approach in alloy creation provides high mixing entropy of the
alloy, which leads to essential improvement of properties in
comparison of the steels of the same use, for example.

High requirements to charge materials and smelting con-
ditions are considered as other HEA features; all high-entro-
py alloys are smelted from high clean metals with attraction
of definite smelting technologies: plasma synthesis, multiple
remelting, smelting in vacuum or in protection medium etc
[6,8—12].

It is evident that these requirements ensure high cost and
restrict industrial use, despite demonstration of high operat-
ing properties.

At present time, the alloys on the base of transition metals
are most widely distributed and, respectively, most examined.
The first HEA (Cantor alloy) was suggested on the base of
Cr—Mn—Ni—Fe—Co system [ 1], where all elements initially
have equiatomic concentration.

The properties of this system were improved consequent-
ly via addition of such elements as Ti, Nb, Mo, V, Al, Cu
[13—18],aswell as Cand B [19, 20].

Essential amount of researches [20—25] was devoted to
examination of niobium effect on the alloy properties. Posi-
tive niobium effect on such properties as bending strength,
hardness, wear resistance are noted in these researches. Im-
provement of mechanical properties are connected by the
researchers with forming of Laves phase, which plays the role
of hardening phase. The research [21] included investigation
of the alloys, where niobium content varied within the range
x=0.25—1.2 forthe Cr—Mn—Ni—Fe—Co—Nb system; it was
noted that structure of these alloys is hypoeutectic, where
eutectic consists of solid FCC solution and Laves phase,
for niobium content up to x = 0.45 (what corresponds to
12.9 % (mass.)). When niobium content increases up to x =
0.5 (14.2 % (mass.)), the alloy structure is identified as eu-
tectic one and then — hypereutectic one, with rise of strength
properties and lowering of ductility. The same tendency in
evolution of properties is observed in the research [22].

It should be also mentioned that uneven niobium distri-
bution in composition of solid FCC solution is observed in
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all researches [21—25], i.e. the areas which are depleted or,
on the contrary, enriched by niobium are presented.

Study of the structure of the alloy of the Cr—Mn—Ni—
Fe—Co—Nb system, which was smelted with partial use of
ferroalloys instead of clean metals, is the aim of this research.
Use of ferroalloys instead of clean metals is just the main
feature of this study in comparison with other works in this
direction.

Use of ferroalloys in charge materials allows to simplify
the smelting technology owing to decrease of smelting tem-
perature for charge and to lower charge cost, because ferroal-
loys are more cheap than clean metals. These two circum-
stances allow to increase commercial attractiveness of final
alloy and to promote its more side distribution in the industry.

Ferroalloys are not dual-component systems; in addition
to the main components (ferrum, chromium, niobium, man-
ganese etc.) they always contain impurities, such as carbon,
silicon, sulfur, phosphorus etc.

Presence of additional elements in the Cr—Mn—Ni—Fe—
Co—Nb system, other conditions of smelting and crystal-
lization can lead to formation of other phases and structure
differing from those described in the researches [21—25].

The alloys obtained with use of ferroalloys correspond to
the principle of HEA creation, because they have no domi-
nating element in their structure. However, the objects of this
research were smelted in the conditions, which are different
from the classic HEA conditions. They contain impurities,
thereby it is more correct to name them quasi-high-entropy
alloys (QHEASs), meaning pseudo-high-entropy alloys. Such
term was already used in the researches [19, 26].

Materials and methods

Composition of the materials which were used as charge
components are presented in the Table 1. Cobalt and nickel
were introduced as pure metals of K1Au and N-1u grades
respectively, they have the lowest melting temperature in
comparison with the other elements of this system (1495 °C
and 1455 °C). Manganese only in this system is character-
ized by lower temperature (1246 °C), but it was introduced
in charge as ferromanganese, due to its acceptability. Other
elements were introduced also as ferroalloys.

The grades of ferroalloys with the lowest carbon content
were chosen from the existing ones. Charge composition was
created in such way, that niobium content varied within the
range 14—18 %, because just such concentration ensures the
best combination of strength and ductility properties [22].
Other elements (Mn, Fe, Cr, Niand Co) were characterized
by approximately equal mass parts.

All charge components were ground in the Retch mill
during 10 min, dispersity of these components was presented
by 2—3 mm fraction for 90 %. Then charge mix was thor-
oughly mixed in a laboratorial Schatz mixer and then smelt-
ed in a graphite crucible of UIP-16 induction furnace with
forced cooling system. To provide homogeneity of composi-
tion and to exclude external contamination, an obtained in-
got with mass 4 kg was cast in a chemically inert corundum-
mullite-zirconium (CMZ) crucible, then it was subjected to
remelting and again to casting ina CMZ crucible. The sam-
ples for analysis were prepared after complete cooling of in-
gots. Structure, chemical and phase composition, hardness,
compression strength and wear resistance were examined
on experimental samples.

Chemical composition was determined using Poly
Spec-F spectrometer.

Wear resistance testing was carried out in the Tribometer
machine (manufactured by CSM Instruments, Switzerland)
via the method of measuring slipping with the following con-
ditions: path length 4 mm; applied load 1 N; velocity 5 cm/s;
ball counterbody of WC—Co (VK6) with 3 mm diameter;
road haul 20,000 cycles (160 m); air medium; preliminary
processing of samples — ultrasonic cleaning (USC) in iso-
propyl alcohol. The presented wear resistance was evalu-
ated by the results of wear groove parameters in a sample
according to the formula

where W — volume of wear products, mm3;
A — friction work, N-m.

Wear groove parameters for determination of volume
of wear products were identified via optical profilometer
WYKO NT1100. The results of tribological testing were
processed automatically using Instrum X Tribometer soft-
ware. Hardness determination was conducted via Willson
1150 device with measurements at least n 5 points. Tensile
strength was determined in the testing machine INSTRON
with 3 doubles.

Structure analysis was implemented using scanning
electron microscope S-3400N, which is equipped by X-ray
energy-dispersion spectrometer NORAN produced by Hi-
tachi HighTechnologies Corporation.

X-ray investigations were conducted via diffractometer
X’PertPRO with CuKa-radiation. Accelerated voltage was
30 kV, current — 10 mA, nickel filter was used. Diffraction
spectrum was caught in the range of 5 to 120 Bragg degrees.
Goniometer focusing was carried out in accordance with

able 1. Composition of charge materials

Element, %

Mn Nb Fe Cr
Material
FeMn80C05 75.1 = 25.2 =
FKhOO1A = = 32.04 68.2
FNb58 = 62 35.5 =
Ni N-1u = = = =
Co K1Au 0.03 = 0.2 =

Ni Co C Si B S

= - <0.1 1.85 <0.3 <0.03

- - <0.01 0.82 <0.02 <0.02

- - 0.3 1.8 0.04 0.05
99.95 - <0.01 0.002 0.001 0.001

- 99.3 0.02 — 0.003 0.004
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Fig. 1. Equilibrium diagram for alloys of the Cr—Mn—Ni—Fe—Co—Nb system, which is calculated ThermoCalc software

Bragg-Brentano. Processing of experimental spectra was
conducted using software of a diffractometer X’Pert High
Score Plusversion 2.2b and X’Pert High Score version 2.2b.

Results and discussion

Thermodynamic analysis of alloys on the base of the Cr—
Mn—Ni—Fe—Co—Nb system, with different niobium con-
tent in this system, was preliminarily carried out with use of
ThermoCalc software (version 2023b, database TCFE13).

It can be seen from the Fig. 1 that presence of the fol-
lowing phases: mix of BCC+FCC solid solutions, Laves
phase, intermetallic of NbNij, type and 6-phase, is possible in
the alloys of the above-mentioned system, within the exam-
ined range of concentrations and with uniform cooling.

The structure presented by FCC solid solution of
BCC+FCC mixis typical for the Cr—Mn—Ni—Fe—Co—Nb
system, as it was noted in the researches [1, 3, 16, 22].

However, niobium introduction leads to forming of new
phases, such as Laves phase and o-phase, what definitely
leads to variation of the alloy properties [22—26]. It is based
on the calculation data that Laves phase as well as solid solu-

tions can be presented by different compositions. Calculated
composition of the phases, which are presented in the dia-
gram, is shown in the Table 2.

It should be underlined that presence of carbon, sulfur,
phosphorus and silicon, which will be presented in the final
alloy due to their transition from charge, was not taken into
account during calculation of this diagram. Carbon presence
can evidently lead to forming of carbide phase, while silicon
presence — to forming of silicates etc. In other words, the
equilibrium diagram (presented in the Fig. 1) can differ es-
sentially from the real formation process in the examined
system.

Chemical composition, strength, hardness and wear re-
sistance of the system were examined at the first stage, the
results are displayed in the Table 3 and Table 4.

Carbon and silicon are presented in all pilot samples, as it
was awaited; traces of sulfur and phosphorus were also noted,
but it was impossible to determine their exact amount.

It can be seen from the Table 4 that niobium content in
the alloy has significant effect on all examined properties.
Hardness, compression strength and wear resistance increase

Table 2. Calculation results for the phases presented in the diagram

Phases

Nb
C14_LAVES#1 41
FCC_A1#1 (TLK) 2
BCC_A2+C14_LAVES+FCC_A1+NbNi;_DOA 0.4
BCC_A2#1 (OLIK) 0.5
C14_LAVES#1 44
NbNi ;_DOA#1 34
Liquid+BCC_A2+C14_LAVES+FCC_A1 12
BCC_A2+C15_LAVES+FCC_A1+NbNi,_DOA+SIGMA_D8B 18
‘C15_LAVES 44

Content, %

Fe Cr Ni Mn Co
24 16 7 6 6
23 22 17 19 17
26 21 16 18 17
11 68 0.5 16 4
37 0.6 0.6 0.3 0.5
0.3 0 63 0 0
18 21 15 18 16
12 21 15 18 16
0.5 0.3 0.5 0 42
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Table 3. Chemical composition of pilot alloys

Element, % (mass.)

Sample Co Cr Fe Ni Mn Nb C Si
1 19.8 19.2 20.8 19.28 19.8 0 0.25 0.009
2 16.94 16.82 18.5 16.73 16.53 14.23 0.23 0.002
3 16.78 16.54 17.88 16.72 16.28 15.51 0.25 0.002
4 16.58 16.60 17.54 16.34 16.32 16.33 0.28 0.002
5 16.67 16.86 14.60 16.49 16.60 18.45 0.32 0.0022

Table 4. The results of investigation of properties of pilot alloys

Sample Eelnees Y Compression strength, Friction coefficient Wear groove width, Reduced wear resistance,
MPa um mm3/(N:m)
1 240 550 0.45 172.2 3.67-10-6
2 243 550 0.44 167. 4 3.24-10-6
3 282 630 0.42 146.8 2.92-10-6
4 395 720 0.39 145.4 1.88-10-6
5 367 632 0.43 178.3 3.04-10-6

with rise of niobium content, what well correlates with the
data of the researches [ 19—25]. However, when niobium con-
tent exceeds 18 % (sample 5), all strength properties and wear
resistance decrease and become comparative with the values
of properties for the sample without niobium. This fact con-
tradicts to the results, which were obtained earlier [21—25].

To explain this divergence and to assess a real phase com-
position in comparison with calculated composition (noted
in the researches [21, 22]), phase composition and structure
were examined (Fig. 2 and Fig. 3 respectively).

The results of X-ray phase analysis display that FCC
solid solution is presented in all samples; it includes all
metals dissolved, as well as niobium carbide of NbC 5, ,
type, manganese carbide of Mn,C; type and intermetallic of
CrNi type with cubic lattice. In this research we could not
identify the definite phases where silicon is presented, but
chemical analysis has shown its presence. Probably silicon
isincluded in composition of BCC solution, which presence
is suggested according to thermodynamic calculations (see
Fig. 1). However, these peaks were not registered in X-ray
patterns, what perhaps can be connected with low content
of BCC solution.

Structures of all alloys are presented at least by two phases
(sample 1) and more than two phases (samples 2—5). To pro-
vide more detailed analysis of the structure, micro-X-ray-

spectral analysis (MXSA) was carried out in different phase
areas of pilot samples.

Chemical analysis in the selected points is presented in
the Table 5.

It can be seen from the Table 4 that the sample 1 is pre-
sented by mix of two sold FCC solutions: one phase is en-
riched by Cr and other — by Ni. Silicon in small amount
is also presented in the second phase, other phases were
not identified. The second alloy contains 14.2 % (mass.)
of niobium (based on the data of general analysis). MXSA
shows essential oscillation by niobium — from 29.3to 13.6 %
(mass.).

The sample with total niobium content 15.5 % (mass.)
is characterized by very large deviation of Nb content in dif-
ferent points. Solid FCC solution with various Nb content is
presented in the points 1 and 2. Substantial silicon amount
is also presented in these areas; it is evidently included in
composition of a solid solution, because it is not extracted in
aseparate phase. The point 3 reflects non-metallic inclusion
of oxide type, based on high content of niobium and oxygen.
The point 4 is a solid solution on the base of ferrum and
manganese presence in this point is not observed.

The sample 4 (niobium content 16.3 % (mass.)) is char-
acterized by solid solution with various niobium content.
Niobium content in the point 3 is maximal (27 %), with

Table 5. Chemical composition in several points of pilot samples

Sample Area Co Cr Fe Ni Mn Nb Si/O
1 1 13.3 53.6 19.2 4.3 9.6 0 0
2 26.5 4.1 21.7 35.61 12.0 0 0.09

5 1 9.5 9.4 19.8 18.3 18.1 29.3 0.4
2 1.9 17.8 20.42 19.2 17.0 13.6 0.08

1 9.1 5.9 18,6 14.9 19.2 28.2 4.2

3 2 8.9 3.8 15.8 9.1 17.2 39.0 6.1
3 - - - - - 96.8 -/3.2

4 10.5 8.6 50.3 19.8 - 7.7 3.1

1 17.0 16.9 21.2 13.8 13.3 16.9 0.9

4 2 13.6 18.9 23.1 15.3 15.45 13.63 0.02
3 - 18.6 18.57 17.3 16.89 27.4 0.78

4 16.6 14.89 22.2 23.6 11.06 16.44 0.21

5 1 18.2 16.9 18.78 15.6 11.2 19.24 0.08
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Fig. 2. The results of X-ray phase analysis for pilot samples
with different niobium content

cobalt absence in this phase. Silicon is presented in all ex-
amined points, but it does not form any compound (as it
was noted before) and evidently is included in composition
of the solution.

The sample 5 (niobium content 18.45 % (mass.)) is also
presented by solid solution with various niobium content.
The point 1 displays niobium content 19.24 % (mass.), other
phases contain lower niobium content (dark areas) or, on
the contrary, they are excessively enriched by niobium (light
grey areas).

It should be noted that rather essential heterogeneity of
distribution of the elements is observed in the obtained alloys.
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Fig. 3. Structure of pilot alloys

It is especially clearly seen for the sample with the most high
niobium content (sample 5).

The chart of elements distribution in the samples 2 and
Sis presented in the Fig. 4. While distribution features of all
elements in the sample 2 are homogeneous, the sample 5
is characterized by evident inhomogeneity of distribution;
especially it is related to niobium distribution, which is de-
posed along boundaries of the phases. It can be predicted
that strength properties of this alloy will be not satisfactory.

Ifwe shall compare the data of the Tables 4 and 2, we can
suggest that the Laves phase was not observed in the exam-
ined alloys, despite the calculation data (see Fig. 1). Com-
parison of calculated composition of the Laves phase and
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Fig. 4. The chart of elements distribution in the samples 2 and 5

composition obtained via MXSA did not display coinci- The above-mentioned interstitial phases also are
dences, what allows to propose that formation of the Laves characterized by high hardness and strength, their
phases is not realized practically in such crystallization con- presence in FCC solution matrix corresponds to an
ditions and for this composition of initial charge. However, optimal structure of wear-resistant materials accord-
interstitial phases, such as niobium carbide, manganese car- ing to Charpy principle: a matrix with relative ductility
bides and intermetallics of CrNi type, were observed in the and strength, with homogeneously distributed high-
structure of pilot alloys (see Fig. 2). dispersion solid interstitial phase.

So, the revealed optimal niobium content for
achievement of strength and ductility complex is ap-

700 proximately equal and makes 14—16 %, despite diver-

600 - gence in the structures noted in the researches [19—23]
s | and in this research.

| strength, MPa Comparative diagram of properties of the pilot al-

= ) loy 3 (15.5 %) with the properties of Hardox 600 steel

2a = u wear reS|stance, . N . .
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i of components operating in wear conditions. It can be

seen from this diagram, that the properties of the alloy

& Sampl;s 3 Han doxistee'l : ' 3 are comparable with the properties of Hardox 600

steel, what can make possible its partial replacement

Fig. 5. Comparative diagram of properties of the pilot alloy and in the prospect. Hardox steel is not manufactured in

steel Kazakhstan, thereby the alloys, which were examined
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in this research can be competitive for Hardox steel, espe-
cially because self-produced charge materials were used for
smelting of these alloys.

Conclusion

1. Partial use of ferroalloys in charge composition allows
to obtain alloys of the Cr—Mn—Ni—Fe—Co—Nb system of
the QHEA type that have a higher commercial attractiveness
due to simplification of the smelting technology and the cost
of the charge.

2. Introduction of niobium in the Cr—Mn—Ni—Fe—Co—
Nb system in the amount of 14—16 % leads to increase of
hardness, compression strength and wear resistance. The
niobium content above 18 % leads to a slight decrease of
these parameters, which can be explained by its uneven dis-
tribution in the structure.

3. For the experimental alloys of the Cr—Mn—Ni—Fe—
Co—Nb system, obtained under the specified smelting con-
ditions and charge composition, the Laves phase and the
o phase were not detected. Structure of the examined al-
loys is presented by FCC solid solution; it includes all metals
with niobium content varying in a wide range. Additionally,
the structure is presented by interstitial phases: carbide of
NbC, 5_, o type, manganese carbide of Mn,C, type and in-
termetallic of CrNi type with cubic lattice.

4. Hardness, strength and wear resistance of the alloy 3
(with niobium content approximately 15 %) are comparable
with the corresponding properties of Hardox 600 steel, what
can make possible use of this alloy after additional techno-
logical improvement for manufacture of components operat-
ing in the conditions of abrasive wear. ais

The research was carried out within the framework of im-
plementation of the Program BR21882240 “Developing a
quasi high-entropy alloy using Kazakhstani raw materials
and technology of producing precision parts based on it”
(agreement with the Committee of Science of the Ministry
of Education and Science of the Republic of Kazakhstan
No. 378-PTIsF-23-25 dated November 15, 2023), funded
by the Ministry of Science and Higher Education of the Re-
public of Kazakhstan.
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