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STUDY OF THE EFFECT OF MOLYBDENUM
ON THE PROPERTIES OF THE CO-CR-FE-NI-MN-NB QHEA

This study investigates the effects ofvarying molybdenum concentrations (5%,
10 %, and 15 %) on the microstructuralfeatures, hardness, and meltfluidity o fquasi-
high-entropy alloys (QHEAs) within the Co-Cr-Fe-Ni-Mn-Nb system. The primary
objective is to reduce production costs of advanced alloys by partially replacing
pure elemented constituents with ferroalloys. Experimented ingots were synthesized
via induction melting, followed by characterization through scanning electron
microscopy (SEM), Brinell hardness testing, and spiralfluidity assessments. Results
indicate that increasing Mo content markedly enhances hardness —approaching a
threefold increase at 15 % Mo —attributable to solid-solution strengthening and
probable intermetallic phase formation. However, elevated molybdenum levels
negatively affect meltfluidity, with a reduction of approximately 12 % observed at
Mo contents between 10 % and 15 %, leading to casting defects. These findings
emphasize the importance of optimizing molybdenum concentration to achieve an
optimal balance between mechanical performance and castability. For components
with complex geometries, maintaining Mo content belon- 10 % is advisable. This
work contributes to the development of cost-effective QHEASs suitable for precision
casting using locally sourced materials.

Keywords: quasi-high-entropy alloy, melt fluidity, molybdenum, hardness,
microstructure, casting, ferroalloy.

Introduction

Since the early 2000s, the field of alloy development has increasingly emphasized
multicomponent systems based on the high-entropy alloy (HEA) concept, establishing
HEAs as anovel class ofadvanced metallic materials. Among these, the equiatomic five-
element Cantor alloy (Co-Cr-Fe-Ni-Mn) [1; 3] stands out as one ofthe most extensively
studied, exhibiting remarkable mechanical properties, including an ultimate tensile
strength of 491 MPa, yield strength of 292 MPa, and ductility reaching elongations
up to 50 %. Such a unique combination of strength and ductility is uncommon in
conventional alloy systems.

Despite these advantages, the practical application of HEAS is frequently constrained
by high production costs, largely attributed to the necessity ofusing high-purity elemental
feedstock. Strategies aimed at cost reduction involve streamlining manufacturing
processes or substituting expensive raw materials with more economical alternatives.
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Within this context, the emergence ofquasi-high-entropy alloys (QHEAS) has garnered
significant attention [2; 3; 4].

Previous studies [4; 5] have validated the feasibility of synthesizing QHEAS through
partial replacement of pure elements with ferroalloys. Additionally, alloying with
elements such as niobium (Nb) has demonstrated marked improvements in both strength
and wear resistance relative to the baseline Cantor alloy. Investigations detailed in [6, p.
3] have further explored the impact of processing conditions on the fluidity of QHEAS
in the Co-Cr-Fe-Ni-Mn-Nb system, revealing that Nb additions tend to diminish melt
fluidity, likely due to the formation of secondary phases.

The influence of molybdenum (Mo) as an additional alloying constituent in Cantor-
type systems has been examined in prior research [7; 8]. Due to its comparatively large
atomic radius, Mo induces significant lattice distortions, thereby enhancing hardness.
Acting as an effective solid-solution strengthener, molybdenum impedes dislocation
motion, which translates into improved resistance to plastic deformation and increased
mechanical strength.

However, these mechanical enhancements are often accompanied by a reduction
in casting fluidity, since materials with elevated strength typically exhibit lower melt
flowability. For the production of precision cast components, achieving an optimal
balance between mechanical properties and castability necessitates meticulous control
of Mo content, taking into account its effects on melt viscosity and phase stability.

Materials and methods

The present study focuses on examining how different molybdenum concentrations
(5 %, 10 %, and 15 %) influence the hardness, microstructure, and melt fluidity of quasi-
high-entropy alloys (QHEAS) based on the Co-Cr-Fe-Ni-Mn-Nb system.

For alloy synthesis, the charge mixture comprised ferromanganese (FeMn80C05),
ferrochrome (grade FKO005), electrolytic nickel (N1 grade), metallic cobalt (K1AU
grade), ferroniobium (FNb60 grade), and ferromolybdenum (FMO06O grade). The
chemical composition of each input component was determined using a NITON XL2-
100G (USA) portable X-ray fluorescence analyzer and a SPAS-05 spectrometer (Russia).
The obtained elemental compositions are summarized in Table 1

Table 1- Chemical analysis ofthe charge component composition

Element,

Wt.% Mil  Nb  Fe Cr Ni Co Mo C Si P S

up to up to

FeMn80C05 751 - 25,2 - - - 0,1 1,85 0.3 0.03

up to up to

®X001A - - 32,04 68,2 - - 0,01 0,82 0.02 0,02
®H660 - 62 35,5 - - - 0,3 1.8 0,04 0,05
NiH-ly - - - - 99,95 0,01 0,002 0,001 0,001
Co KIAy 0,03 - 0,2 - - 99,3 0,02 0,003 0,004
®M060 - - 38,8 - - - 60,2 0,08 0,8 0,05 0,01
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The charge formulation was designed to obtain target molybdenum concentrations
of 5%, 10%, and 15%, while keeping the contents of the remaining alloying elements
approximately balanced. The majority of the raw materials (about 90%) had a particle
size in the range of 2-3 mm. The particle size distribution was assessed using an AS
200 control analytical sieve shaker (Retsch, Germany). Following sieving, the charge
components were uniformly mixed for 15 minutes in a Schatz laboratory mixer to ensure
compositional homogeneity.

The alloy ingots were fabricated via double remelting in an induction furnace under
ambient atmospheric conditions. The second melting stage was conducted specifically
to improve structural uniformity and minimize chemical segregation within the ingot.

To evaluate melt fluidity, a spiral casting test was performed (Figure 1). The spiral
mold featured a triangular cross-section measuring 15 mm in height and 10 mm in
width, resulting in a cross-sectional area of 75 mm2. The experimental setup consisted
ofthe following elements: 1- gating cup, 2 - mesh filter, 3- riser, 4 - sump, 5- spiral
channels, and 6 - calibration protrusions. In order to accurately determine the flow length,
notches were pre-machined into the mold at 50 mm intervals along the spiral, which
subsequently formed raised markers on the castings, simplifying length measurement.

Figure 1- Spiral test for determining the fluidity ofthe alloy [9]
The chemical compositions of the experimental alloys are summarized in Table
2. Sample Ne O, which does not contain molybdenum, served as the reference material

for comparative analysis.

Table 2 - Chemical composition of the studied samples

Sample Co Cr Fe Ni Mil Nb C Mo Si P S

0 16.94 16.82 18.50 16.73  16.53 14.23 0.23 - 0,002 trace trace
1 15.64  15.67 18.02 16.02 1528 14.20 0.28 4.86 0,003 trace trace
2 1412 14.84 1795 1428 1515 14.33 0.28 9.05 0,002 trace trace
3 13.29 13.127 17.42 13.08 1452 14.02 0.29 14.25 0,003 trace trace
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Results and discussion

Figure 1 illustrates the microstructural features of the investigated alloy samples.
Metallographic preparation was conducted in accordance with standard procedures.
The specimens were sectioned using a Struers Discotom precision cutter, followed by
mounting, grinding, and polishing carried out on a Struers Planopol system, employing a
series ofabrasive papers with decreasing grit size to achieve amirror-like surface finish.

Subsequent to mechanical preparation, the samples were degreased and subjected
to chemical etching at ambient temperature (20-25 °C) for periods ranging from 10 to
60 seconds, enabling clear visualization of microstructural details. The etched surfaces
were examined using a scanning electron microscope (SEM), model S-3400N.

Figure 2 - Microstmctures of the experimental samples

Microstructural analysis demonstrated that at a molybdenum concentration of
5 wt.% (Figure 2a), the alloy exhibits a relatively homogeneous structure characterized
by fine, uniformly distributed grains, indicative of stable solidification conditions and
limited elemental segregation. Upon increasing the Mo content to 10 wt.% (Figure
2b), microstructural heterogeneities begin to emerge, including the presence of
darker inclusions and localized Mo enrichment, which may point to the formation of
intermetallic phases or second-phase particles. At the highest investigated Mo level of
15 wt.% (Figure 2c), the alloy’s microstructure becomes markedly inhomogeneous, with
pronounced segregation phenomena, likely resulting from decreased solubility limits and
incomplete diffusion during solidification. It is important to note that comprehensive
phase analysis and crystallographic identification were not conducted within the scope
of this investigation.

Hardness properties were evaluated using a Willson 1150 durometer under standard
testing conditions. For each sample, a minimum of five indentations were performed,
and the mean values were calculated to ensure statistical reliability. The hardness
data are compiled in Table 3 and illustrate the influence of increasing Mo content on
mechanical strength.

For fluidity assessment, specialized cast samples were prepared under controlled
conditions. Alloys of designated compositions (Table 2) were melted and superheated
to a processing temperature of 1700 °C, exceeding the liquidus temperature by
approximately 100 °C to ensure complete dissolution and adequate fluidity. The molten
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alloy was poured through the gating system (Figure 1) into a mold containing a spiral
channel designed to quantify casting fluidity. After full solidification and cooling to
ambient temperature, the spiral castings were extracted. The effective flow length was
measured with a precision of £0.5 mm by summing the number of calibration marks
(spaced every 50 mm) and the remaining distance beyond the final mark. The quantified
fluidity lengths are presented in Table 3 and reflect the effect of molybdenum on melt
flow behavior.

Table 3 - Obtained data on hardness and fluidity of the samples

Sample Hardness, HV Fluidity, mm
0 245 124
1 484 122
2 641 119
3 691 109

The data summarized in Table 3 clearly indicate that incorporating molybdenum
within the examined concentration range exerts a significant strengthening effect on
the experimental alloys, with hardness values increasing by over 2.5 times relative
to the Mo-free reference. Conversely, this enhancement in mechanical strength is
accompanied by a noticeable reduction in melt fluidity. Specifically, at Mo levels up
to 10 %, the decrease in fluidity is marginal, approximately 4 %, which correlates with
improved mold filling efficiency and a reduction in casting defects within the spiral
channels. However, when the Mo content reaches 15 %, a more pronounced decline
in fluidity - around 12 % - is observed, characterized by slower progression of the
molten metal through the test channel and the emergence of porosity and voids. These
phenomena suggest an increase in melt viscosity and impaired flow behavior at elevated
molybdenum concentrations.

The observed deterioration in fluidity likely stems from either the nucleation ofnovel
refractory intermetallic compounds not present at lower Mo levels or from the increased
volume fraction of previously identified intermetallic phases. To comprehensively
elucidate the mechanisms underlying the simultaneous increase in hardness and decrease
in fluidity, further in-depth phase characterization employing techniques such as X-ray
diffraction or transmission electron microscopy is warranted.

Conclusions

The present study demonstrates that molybdenum exerts a pronounced influence on
the properties of quasi-high-entropy alloys (QHEAS) within the Co-Cr-Fe-Ni-Mn-Nb
system. Incorporation of Mo at levels ranging from 5to 15 wt.% significantly alters the
microstructure and leads to a considerable increase in alloy hardness, while concurrently
causing a reduction in melt fluidity. Notably, fluidity degradation remains minimal -
approximately 4 % - for Mo contents up to 10 %, whereas a more substantial decline
ofabout 12 % is observed at 15 % Mo. This effect must be carefully considered during
the optimization ofcasting parameters. For components featuring complex geometries,
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it is recommended to restrict molybdenum content to 10% or alternatively adjust the
pouring temperature to compensate for the reduced fluidity.

In summary, molybdenum additions provide beneficial mechanical strengthening
to QHEAS; however, to maintain acceptable casting performance, the Mo concentration
should ideally not exceed 15 %.
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CO-CR-FE-NI-MN-NB XXYWECLUL, KXX9K KACUK N KPIIIK
MOJMBAEHHLL, OCEPIH 3EPTTEY

6yn >kymbicTa Co-Cr-Fe-Ni-Mn-Nb >KyilecTaer! KBasu>KorapblaHTpouns/bl
yopbiTHanapra (KIK)K)) mommbgeHHw, (5 %, 10 % >kaHe 15 %) mBALepLuLy
MUKPOLYPbINbIMIa, LAaT ThiNbILLa XK3He arbiHAbIbILLa 3cepi 3epTTengi. 3epTTey
maucaTbl - Tasa MeTanfapibl (eppouLopbiTrnaiapMeH LWNHapa aiMacTbIpy
apublibl >Xorapbl TTMAr LopbITRanapibl ap3aHiaTy. IKCnepuMeTTTK yarrep
NHOYKUMANBIL, GanublTy 3A4KLWEH anblHraH, onapipll, LypblUibIMbl CKaHepneyun
3NMEKTPOHAbI MUKPOCKOMUSA, LATThUbILTLI BAWeEY >X3He Cnupaibabl apHaga
arbiHAbINbILLA CblHAy apublibl 3epTTengi. HaTv>Kkenepre caiikec, MonubaeH
LLOCHacbl KppblTUaHbIL LaTThibIrbH adTapnbiyTad apTThipagsl — 15% Mo
Ke3T /e uaT ThbiNblL, LaMaMeH YL ecere ocmi, 6yn LaTThbl epun'waw’u, 6epTTrTLy,
apTybIMEH D>K3He, MyMTH, WHTepMeTaNgbll asanapgply,  Ty3WyLleH
myciHdipmedi. Anaiifa, MOMM6AeHHLL apTbil, MB/ILLEPi KPPbITUaHbIL, arblHAbIIbIMbIH
TBmMeHgeTeak 10 % fJewH arbiHAbUbILY B3repT a3 (4 %), an 15 % Mo kesTfe
arbiHAbInbIY 12 % TBMeHAeH, UyiiMaga auaynap 6aiuangbl. CoHAbILTaH Kypaenr
niiumdi uyimanapbl >kacay yunH Mo menwepT 10% acbipmaraH >KBH. Byn >XymbIc
K,asaucTaHgbil, WUK'NATThl HaijanaHa OTbIPbiH A3NMe-f431 Lylora apHanraH
muiMdi %)/ )% >Kkacayna Maubi3fpbl yiec Locafpl.

Kmmmi cB3gep: KBasU>KOrapbIaHTPOMUANbIL, LOPbITHA, — arbiHAbIbIbIL,
MOMM6AEeH, LaT ThibIL, MUKPOLYPbIbIM, LyiiMa, (eppoLopbITHA.
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NCCNEJOBAHUE B/IMAHNA MOJIMBAEHA
HA CBONCTBA KB3C CO-CR-FE-NI-MN-NB

B [gaHHOM wccrefjoBaHUM U3Y4aeTCHA BMSAHWE PA3MIMYHOTO  COAEP>KaHus
monmbaeHa (5%, 10% v 15 %) Ha MUKPOCTPYKTYPY, TBEPLOCTb MIKNAKOTEKYHECTD
pacnnasa KBasuBbICOKO3HTpPONUiHbLIX cnnasoB (KB3C) cuctembl Co-Cr-Fe-Ni-
Mn-Nb. OcHOBHasi Lefb - CHU>KEeHWe CTOMMOCTM MPOM3BOACTBA BbICOKOMPOUHbIX
CNnaBoB 3a CYET YaCTUYHOM 3aMeHbl YUCTbIX MEeTaIIMYECKUX KOMMOHEHTOB
(heppocnnasamn.  KCNepUMeHTabHble CAMTKW  6bUIM  MONYYeHbl  MEeTOLOM
WHAYKUVMOHHOTO N/IaBNEHUS W OXapaKTepu3oBaHbl C MOMOLLBbH  CKaHWPYHOLLE
3NeKTPOHHOK mukpockonuu (C3M), n3MepeHns TBEpPAOCTU HO MeToay BpuHenns
MW TECTOB Ha TEeKy4eCTb HO CMUpasbHOW chopme. Pe3ynbTaTbl Nokasaim, 4YTO
yBeNNYeHne CoAep>KaHuns MonnbaeHa 3HauMTe/NbHO NOBbILWAeT TBEPAOCTb - NOYTY
B Tpu pasa npu 15 % Mo - 4YTO CBA3AHO C YNPOYHEHNEM TBEP/ALIM PaCcTBOPOM ”
BEPOSATHbIM 06pa30BaHNEM UHTepPME T a/lNNYecKux ha3. BMmecTe ¢ TeMm, NoBblILLeHNe
cofiep>kaHnss Mo OTpuuaTenbHO CKasblBaeTCs Ha TEKy4yeCTuW pacnnasa: npu
copep>kaHun mombgeHa oT 10 % po 15 % HabnofaeTca CHUXKEHUE TeKy4ecTu
MpMMepHO Ha 12 %, YTO NPUBOAUT K NOABNEHUIO AedieKTOB OT/MBKKN. TofyLleHHble
JaHHble  MOAYEPKMBAIOT  HEOOXOAMMOCTb  ONTUMM3ALMM  KOHLEHTpauuu
MonnbaeHa And AOCTU>KEHMS GanaHca MedKAy MeXaHWYecKuMU CBOWCTBaAMM M
MM TbEBLIMUA XapakTepucTukamu. [ins OT/MBOK COXKHOW (hOpMbl peKOMeHAye T Cs
orpaHnumBaTb cofep>kaHne Mo yposHeM He Bbiwe 10 %. PaboTa cnoco6cTayeT
pa3paboTKe 3KOHOMUYECKN 3(PGheKTUBHbIX KBOC, NpUroAHbIX Ans TOYHOro NN ThA
C MCNONb30BaHNEM Ka3axCTaHCKMNX CbIPbEBbIX PECYPCOB.

KntoyeBble C€noBa: KBa3WBbICOKO3HTPOHWIAHBIA  CNias, >KUAKOTEKYYeCcT,
MOn6aeH, TBEPLOCTb, MUKPOCTPYKTYpPaA, OT/MBKA, (heppocr/ias.
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