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Abstract. The paper presents the results of the information analysis of works that deal with
studying the molybdenum and silicon effect on the properties of high-entropy alloys (HEA) of
the Co-Cr-Fe-Ni-Mn system. The analysis shows that introducing of molybdenum and silicon
has a positive effect on the strength of alloys while maintaining or even improving ductility.
According to various estimates, these indicators increase on average by 1.2-1.5 times. Such
an improvement in properties occurs due to the formation of interstitial solid a- and j -phases
and Laves phases that are uniformly distributed in the viscous matrix of the solid solution in
the structure. At the same time, the analysis shows that there are no works that deal with
studying of technological properties, for example, fluidity. Considering the prospects for the
development of quasi high-entropy alloys (QHEA) that represent a slightly different from HEA
system, it seems promising to study the molybdenum and silicon effect on the properties of
QHEA, since a simple transfer of the available results is not correct.

Keywords: high- and quasi high-entropy alloys, multicomponent matrix, molybdenum, sili-

con, microstructure, interstitial phases, strength, plasticity.

Introduction. In present day industry, it
is common to use traditional alloys based on
one main element, while the required physi-
cal, mechanical, and operational properties
are achieved by alloying with additional com-
ponents.

In the early 2000s, new approaches were
provided to develop multicomponent alloys
that consist of five or more elements in the
concentration of 5-35 atomic percent, which
form a more or less homogeneous microstruc-
ture in the form of a solid solution. Such alloys
are called high-entropy alloys or using the En-
glish abbreviation HEAs [1, 2].

A distinctive feature of HEAs is the forma-
tion of a single-phase thermodynamically sta-
ble solid substitution solution with a face-cen-
tered cubic (FCC) or body-centered cubic
(BCC) lattice [1, 3], which determines special
properties of HEAs. The unique properties of

the HEA are conditioned by the manifestation
of four main effects, the so-called "HEA cock-
tail" [4]:

- a high value of the entropy of mixing,
which increases the thermodynamic stability of
the system at high temperatures and increases
its resistance to the formation of undesirable
phases;

- structural distortion of the crystal Iat-
tice, preventing the movement of dislocations,
which in turn ensures high strength properties;

- a low rate of interatomic diffusion, which
inhibits the formation of phases in the alloy;

- the effect of mixing, providing high com-
plex characteristics.

One of the first well-studied high-strength
alloys is the five-component alloy of the Co-
Cr-Fe-Ni-Mn system, the so-called Cantor alloy
[2]. The Cantor alloy has fairly high mechani-
cal properties: tensile strength 491 MPa, yield
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strength 292 MPa, while the relative elonga-
tion is up to 70%, which is a unique combina-
tion [2, 6] of strength and ductility. It cannot
be achieved, for example, in steels or the other
classic alloys.

At the same time, a fairly large number
of works deal with improving the mechanical
properties of this high-strength alloy, in par-
ticular, strength, since the existing indicator is
insufficient for developing high-strength struc-
tures or products. A number of works [2-9]
examine the effect of various elements on the
strength and hardness of alloys of the Co-Cr-
Fe-Ni-Mn system, with Ti, Nb, Mo, B, Si, etc.
considered as an additional sixth element in
the Cantor alloy.

The purpose of this work is an information
analysis of studying the silicon and molybde-
num effect on the properties of high-energy al-
loys of the Co-Cr-Fe-Ni-Mn system. The choice
of these elements (Si and Mo) is due to the
fact that they are capable of both being part
of a solid solution and forming various solid
interstitial phases with each of the elements
included in the Cantor alloy.

Most researchers note the positive effect
of introducing these elements on the strength
properties of the Cantor alloy, but there are
large discrepancies about the amount of the
alloying element and the phase transforma-
tions in the alloy that occur as a result of its
introduction.

The effect of silicon. Silicon is a relatively

inexpensive strengthening element for improv-
ing the performance properties of alloys, since
it forms hard silicide phases such as Cr3Si, Mn-
5Si3, which significantly strengthen the alloy.
In addition, silicon significantly improves the
fluidity of the alloy, which is of particular im-
portance for casting alloys. However, it should
be noted that there are very few studies that
deal with the effect of silicon on the properties
of high-alloy alloys [6-9].

Work [8] is one of the few works that stud-
ied in detail the properties of alloys obtained
on the basis of the Co-Cr-Fe-Ni-Mn system
with different silicon contents from 5 to 20%
(series No. 2 and No. 3).

To analyze possible phase transformations
caused by introducing silicon, thermodynam-
ic analysis methods were used with the con-
struction of ternary phase equilibrium systems
and subsequent studies of the microstructure
of the alloys.

It was found that the solubility of Si in the
Cantor alloy reaches 7%, and in this case the
structure is represented by a single-phase FCC
solid solution. With increasing the silicon con-
tent to 10%, the A13 phase (symmetry class
cP20) appears; in alloys with a high silicon
content, the G-phase (symmetry class cF116)
was found in the matrix of the A13 phase.

Figure 1 shows the phase equilibrium di-
agram calculated by the author of [8], which
allows predicting changes in a multicomponent
alloy based on the Cantor alloy.



The appearance of new phases, such as the
AI3 phase and the G-phase in the alloy struc-
ture, clearly lead to changing the strength
properties.

The author has shown that the introduc-
tion of silicon in the studied ranges leads to in-
creasing strength due to the formation of twins
and the inhibition of dislocations with a slight
increase in plasticity compared to the same in-
dicator of the Cantor alloy.

Based on the results obtained, the author
suggests that by introducing Si as the sixth el-
ement into the Cantor alloy, it is possible to ob-
tain an alloy with higher plasticity and strength
than the original parameters.

The effect of molybdenum. The effect of
molybdenum as an additional element in the
Cantor alloy is studied in [9-12]. This interest
is explained by the sufficiently large radius of
molybdenum atoms, which leads to significant
distortion of the crystal lattice of the alloy and
so, to strengthening.

In addition, molybdenum has a positive
effect on reducing temper brittleness, which
makes it a virtually "mandatory element" in
improved steels. It is logical to assume that
molybdenum has the same positive effect on
temper brittleness in high-alloy steels.

In [9], there was studied the effect of mo-
lybdenum on the mechanical characteristics of
high-alloy steels of the Fe-Cr-Co-Ni system.
High-alloy steels of this system show high
plasticity but at the same time they have rel-
atively low strength. The authors of the study
showed that the introduction of molybdenum
from about 2 to 6% of atoms led to the for-
mation of intermetallics of the a- and p-phase
type (Figure 2).

The formation of these brittle but very hard
phases located in the viscous matrix of the FCC
solution leads to increasing the alloy strength.
The tensile strength was up to 1.2 GPa, ductil-
ity up to 19%. This work has shown the possi-
bility of increasing the HEA strength due to the
formation of brittle but hard phases in the vis-
cous matrix, without reducing ductility of the
alloy as a whole.

This phenomenon is associated with the
transition from a dendritic structure with
the FCC lattice to a combination of FCC+B-
CC+a-structure. The researchers came to
the conclusion that in this case, significant
strengthening was the result of separation of
the BCC and a-phases.

In study [10], the authors carry out an
experimental assessment of the possibility of
synthesizing HEAs with the (Co-Cr-Fe-Ni-Mn)
base enriched with borides and silicides of Mo
and Nb that are formed during the thermite
combustion of SHS systems. Microstructural
analysis of the Co-Cr-Fe-Ni-Mn alloy with the
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Figure 2 - SEM images of alloys with
different Mo contents demonstrating the
formation of a- and y-phases [9]

complex Mo(Nb)-Si-B additive showed that
with increasing the additive concentration,
high-entropy matrices were formed in the
structure, and new phases based on borides
and silicides (Mo and Nb) were released.

The effect of molybdenum and silicon. In
[11], the authors proposed a new fine-struc-
tured high-alloy alloy  CrFeNiAl0.27Si0.
11M00.22 obtained by arc melting. As a result
of the experimental observations, alloys with
fairly high mechanical properties were ob-
tained: tensile strength >1GPa and plasticity
«15.5%. This alloy also has excellent corro-
sion resistance in the 3.5% NaCl environment
due to the formation of a thin molybdenum ox-
ide film (Figure 3).

The authors of the work associate such a
significant increase in strength characteris-
tics with the formation of a fine dual structure
formed by BCC plates and ACC solutions.

It should be noted that the data of this
study are in good agreement with the results
of work [9], where it was also noted that in-
troducing Mo had a positive effect on strength
while maintaining high ductility.

In study [12], the authors developed a
new FeCoCrNiMoSix alloy with different Si
contents in accordance with the atomic ra-
tio Fe:Co:Cr:Ni:Mo:Si = 1:1:1:1:1:x (where
x=0.5;1.0;1.5). The authors found that intro-
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Figure 3 - Microstructure and properties of the HEA based on the CrFeNiAIOZSi01IMo02 system

[11]

Figure 4 - Microstructure of FeCrCoMnSix alloys: a - x=0; b - x=0.3; ¢ - x=0.6; g- x=0.9;
d- x=1.0 [12]

ducing silicon into the FeCoCrNiMo alloy trans-
forms the two-phase structure of the alloy into
a three-phase structure of the FCC + HCP +
BCC type (Figure 4). With increasing the sili-
con content, the structure acquires a dendrit-
ic columnar character, and with increasing the
Si content to x = 0.9 and 1.0, a solid silicate
phase is formed in the alloy, and a clear segre-
gation of the elements is observed.

Figure 5 shows a comparative diagram of
properties constructed based on the averaged
results of studies [6-12]. The HEA is under-

stood as the classical HEA of the Fe-Cr-Co-
Ni-Mn system. Despite the average values of
strength and plasticity, as well as some as-
sumptions, a clear trend of the silicon and mo-
lybdenum effect on the properties of the alloy
is observed. The introduction of silicon/molyb-
denum has a positive effect on both strength
and plastic properties of HEAs. In other words,
the introduction of molybdenum/silicon allows
increasing the alloy strength while maintaining
or even increasing the alloy plasticity.

Thus, the results of the studies in the
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Figure 5- Molybdenum and silicon effect on the HEA properties

above-mentioned works show that alloying
of HEA with molybdenum and silicon leads to
significant strengthening, and in some cases
ductility of the alloys remains at the same lev-
el or even increases. It should be noted that
molybdenum has a greater effect on the alloy
strength than silicon. The effects of molybde-
num and silicon on ductility are comparable.
The combined effect of silicon and molybdenum
also significantly increases the strength-duc-
tility complex. This allows concluding that the
use of molybdenum/silicon or their combined
introduction as additional elements in the com-
position of HEAs based on the Fe-Cr-Co-Ni-Mn
system allows improving the strength-ductility
complex.

It should be noted that most studies fo-
cus on studying the mechanical properties of
HEAs or its phase equilibrium directly. There
are practically no works related to studying
the casting properties of HEAs, in particular,
fluidity. This is due to the fact that despite
the unique properties of HEAs, they have not
yet found wide practical application because
of their high cost. This is due to high require-
ments for charge materials, since it is custom-
ary to smelt HEAs using pure metals, as well
as the production technology, etc.

One of the latest trends of development of
high-entropy alloys has been the development
of so-called quasi high-entropy alloys (QHEAS)
[13-15]. Unlike HEAs, QHEAs do not adhere
to strict equiatomic concentration; simpler
smelting technologies or simpler charge mate-
rials are used. In work [15], ferroalloys were
partially used as charge components, which
made it possible to reduce the smelting tem-
perature, to simplify the production technolo-
gy and, as a result, to reduce the cost of the
alloy. It should be noted that the properties of
the obtained QHEA were somewhat lower than
the properties of the corresponding HEA but
significantly exceeded the properties of steels

used in this segment today. Work [15] showed
the prospects of research in this area. It is ob-
vious that with partial use of ferroalloys as a
charge during smelting the QHEA, the other
phase transformations occur than when using
pure materials, therefore, a simple translation
of the obtained results of the Mo and Si effect
to the new system is impossible. In addition,
it is necessary to study the effect of these ele-
ments on the other properties of alloys, in par-
ticular, the casting ones, since due to the lower
cost, QHEAs have a greater chance of being
introduced into production.

Conclusions. The carried out information
analysis showed a positive effect of Mo and
Si on the strength and ductility of Fe-Cr-Co-
Ni-Mn alloys. Strengthening of alloys while
maintaining or even increasing ductility oc-
curs due to the formation of new interstitial
a- and p-phases and Laves phases that are
uniformly distributed in the viscous matrix of
the solid solution. All the studies concern only
"classical” HEAs, therefore the obtained results
cannot be simply translated into QHEASs, since
they represent completely different initial
phase systems. The other properties of HEAs,
for example fluidity that is an important tech-
nological characteristic, were also not studied.
Accordingly, studying the Mo and Si effect on
strength, ductility and the other properties is a
relevant and promising task.

The work was carried out within the
framework of implementing the IRN Program
BR21882240 "Developing a quasi high-entro-
py alloy using Kazakhstan raw materials and
technology of producing precision parts based
on it" (agreement with the Committee of Sci-
ence of the Ministry of Education and Science
of the Republic of Kazakhstan No. 378-PTsF-
23-25 dated November 15, 2023), funded by
the Ministry of Science and Higher Education of
the Republic of Kazakhstan.
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MonnéaeH meH kKpeMHuiigiy Co-Cr-Fe-Ni-Mn >kYWeciHiy )X 3K HacueTTep'we acep'w
aunapartTbly Tangay
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*aBTOP-KOPPECMOHAEHT.

Aupgatna. XXywmbicTa MONM6AEH MeH KpeMHuiaiH Co-Cr-Fe-Ni-Mn YWeciHiH >xorapbl 3HTpO-
NMAanbIK KopbiTnanapbiHbiH (OK3K) KacueTTep'!He acep'!H 3epTTeyre apHassraH XymbicTapabl ak-
napaTTblK Tangay HaTuXKenepi KenTpTreH. Tangay KBpceTKeHAeln, MonubaeH MeH KpemMHuia'!
eHNn3y N'INNWTKT caKTa OTbIpblN HEMece TN T >akcapTa OTbIpbiN, KOopbiTnanapablH 6epikTi-
nHe oH acep eTepni. byn kBpceTowTep 3p TYpni 6aranaynap 6oibiHWa opTa ecenneH 1,2-1,5
ece apTagbl. byn kacmeTTepgiH Kakcapybl KaTTbl epmHAIHIH TYTKbIp mMatpuuacbiHaa 6''pkento
OBNIHIEH a- X3He y- pasanapbl MeH JlaBec daszanapbl TUJIH eHN3yA'lH KaTTbl (pazanapblHbIH
KypblfibIMblHAA Naiga 6ony apkbiibl XYpeai. CoOHbIMEH KaTap, Tangay KBpceTKeHAewh, TeXHO0-
rMAnbIK Kacnetteps ', Mbicasbl, CYMbIK CYMbIKTbIKTbl 3epTTeyre apHasraH >XymMmbicTap oK. XX3C-
TeH can B3rewe xYWeHi 6lnglpe TH KBa3u-)orapbl 3IHTPONUANbIK KopbiThanapabiH (KXK3K) gamy
nepcnekTmBacbiH ecKepe OTbIpbif, MOAUO6AEH MeH KpeMHuingiH KX3K kacuettep''He acep'H
3epTTeyre apHanraH 3epTreynep XYpridy nepcnekrtuBasbl 60bliN KBPiHEAi, BATKEHI konga 6ap
HaTMXKenepaiH KapanavbiM TpaHchepT AypbiC eMec.

KW T ce3aep: orapbl )XaHe KBa3u-xorapbl 3HTPONUASbIK KOpbiTANanap, KBMN KOMAOHEHTT'! maT-
puya, MoNMbaeH, KPEMHUI, MUKPOKYPbINbIM, eHN3y da3asnapbl, 6EepiKTiK, UKeMginik.

MHpopmMayMoHHbI aHann3 BANAHUA MoninbaeHa n KpeMHUs Ha cBoiictBa BOC
cuctembl Co-Cr-Fe-Ni-Mn
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*aBTOP-KOPPEeCnoHAEHT.

AHHOTauunsa. B paboTe npeacTtaBneHbl pe3ynbTatbl MHPOPMAaLUOHHOIO aHann3a paboT, NocBs-
WeHHbIX UCCnefoBaHUIO BAUSHUA MonmMb6aeHa N KPEMHUSA Ha CBOWCTBA BbICOKO3HTPOMUMHBLIX
cnnasoB (B3C) cuctembl Co-Cr-Fe-Ni-Mn. AHann3 nokasasi, 4TO BBegeHNe MoambageHa n Kpem-
HVA OKa3blBaeT MOJIOXKUTENIbHOE BINAHNE HA MPOYHOCTb CMNAaBOB MPU COXPaHEHUUN WUMN Jaxke
YAy4dlWeHU NnacTUYHOCTU. 3TU nokasaTesiv Mo pa3HblM OUEHKaMn yBe/iM4ynBalroTCA, B cCpef-
Hewm, B 1,2-1,5 pa3a. Takoe ynydlieHne CBONCTB NPOUCXOAUT 3a cHeT o6pa3oBaHUA B CTPYKTY-
pe TBepAbiX ha3 BHeApeHUA Tuna a- U U- a3 u gas J/laBeca, paBHOMEPHO pacnpegeneHHbIX B
BA3KOW maTpuue TBepaoro pacreopa. B To ke BpemMsa aHanm3 nokasasi, 4to HeT paboT, nocssa-
WeEeHHbIX UccefoBaHNIO TEXHOMNOMMYECKUX CBOMCTB, Hanpumep, >XUAKOTEKy4YecTWu. YunuTbiBas
NepcneKTUBHOCTbL Pa3BUTUSA KBaA3MBbICOKO3HTPONUNHLIX crisiaBoB (KB3C), KoTopble npeacTaB-
JNIAOT HECKOJIbKO NHYIO CUCTEMY, OT/IMYHYIO OT BAC, npeacraBnifieTca NepcnekKTMBHbLIM NMPOBECTU
uccnefoBaHUsA, NOCBALLEHHbIE N3YYEHUI0 BINAHUA MonbaeHa n KpemHus Ha ceoiictBa KB3C,
T.K. NPOCTON TpaHchep UMeKLWNXCA pe3yibTaToOB He ABMAETCA KOPPEKTHbIM.

KnioueBble c/ioBa: BbICOKO- U KBa3UBbICOKOSHTPOMUIiHbIE CMn/laBbl, MHOFOKOMMNOHEHTHAsA Ma-
TpULua, MONNGAEH, KPEMHUIA, MUKPOCTPYKTYpa, (a3bl BHeAPEHUS, MPOYHOCTb, MAACTUYHOCTb.
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