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Microstructure and selected Mechanical ProPerties of cr25Zr25co20Mo15si10Y5  
and cr25co25Zr20Mo15si10Y5 MulticoMPonent alloYs

in the presented work, two multicomponent cr25Zr25co20Mo15si10Y5 and cr25co25Zr20Mo15si10Y5 alloys were produced from 
bulk chemical elements using the vacuum arc melting technique. X-ray diffraction phase analysis was used to determine the phase 
composition of the obtained materials. Microstructure analysis included scanning electron microscopy and energy dispersive X-ray 
spectroscopy techniques. the studies revealed the presence of multi-phase structures in both alloys. elemental distribution maps 
confirmed the presence of all six alloying elements in the microstructure. the segregation of chemical elements was also observed. 
Microhardness measurement revealed that both alloys exhibited microhardness from 832(27) to 933(22) hV1. 
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1. introduction

high entropy alloys (heAs) have recently gained much 
research interest worldwide. this group of materials belongs 
to a new class of engineering materials – classified as multi-
principal elemental alloys (MPeAs) [1]. it should be underlined 
that the first literature-reported five-elemental, equiatomic heA 
composition was published by cantor et al. in 2004 [2]. high 
entropy alloys can be defined using chemical composition 
and/or configurational entropy (ΔSconf ) approach. Following 
chemical composition-based definition, heAs are defined as 
“materials containing at least five alloying elements in equi- or 
near-equiatomic ratios” [3]. Additionally, for near-equiatomic 
compositions, “the concentration of alloying elements should 
be in the range from 5 to 35 at. %”[3]. the configurational 
entropy-based definition of heAs includes “materials exhibit-
ing configurational entropy at a random state ≥ 1.5·R (where: 
R is a gas constant) wherever if the materials are single-phase 
or multi-phase at the room temperature” [3]. 

exhaustive studies of high entropy materials showed that 
heAs present a high potential for industrial applications due 
to their improved properties compared to conventional alloys. 
based on the literature-described data, a wide range of ap-
plications could be proposed, such as the storage of liquefied 
gases and cryogenic temperature applications (cantor’s alloy 

–  cr-Mn-Fe-co-Ni) [4]. Due to high melting temperatures of 
alloying elements such as ta, w, and V, heAs exhibit a high 
potential ability to replace the ti-based alloys in manufacture of 
gas turbine compressor components in aircraft engine, for exam-
ple, ta-Nb-hf-Zr-ti [5]. For special applications such as in the 
nuclear industry, the Fe-Ni-Mn-cr composition proposed by li 
et al. could be used due to the high resistance to radiation damage 
[5]. Furthermore, due to the presence of biocompatible alloying 
elements, high entropy alloys could also be applied as materials 
for biomedical applications [6]. Additionally, the particular group 
of high entropy alloys can exhibit shape memory effects, such as 
(tiZrhf)50Ni25co10cu15 and Nititacocu heAs, due possibility 
of the presence of thermoelastic martensitic transformation [7-9]. 

it is well known that the chemical composition and cooling 
rate during the fabrication process determine the properties of 
studied materials in an as-cast state. hume-Rothery (h-R) rules 
are fundamental to describe the formation of solid solutions (ss) 
for binary alloys. however, for heAs, solid solution predictions 
could also be helpful in designing the chemical composition 
process. the studies of high entropy alloys revealed that the 
h-R rules could also be applied for heAs, such as atomic size 
mismatch – δ and mixing enthalpy (ΔHmix) [10,11]. the atomic 
size mismatch parameter described the differences between the 
alloying elements based on the atomic radii of elements (ri). 
it was shown that the single-phase structure in heAs was formed 
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for δ in the 0 ÷ 5% range [11]. For higher values of atomic mis-
match parameters, lattice distortion contributed to the formation 
of muti-phase or amorphous structures. the mixing enthalpy pa-
rameter (ΔHmix) described the mixability/solubility of the chemi-
cal elements and also contributed to the phase formation after 
the solidification process. it should be noticed that single-phase 
structures are mainly formed for ΔHmix in the –15 ÷ 5 kJ·mol–1 
range. it was found that multi-phase structures are mainly formed 
for ΔHmix > 5 kJ·mol–1. on the other hand, ΔHmix < –15 kJ·mol–1 

favours the presence of amorphous structures [11]. 
it should be also underlined that the formation of the amor-

phous structure can be suggested according to the inoue rules 
[12]. Preliminary studies of inoue rules included bulk metallic 
glasses, however, it was revealed that these rules could also be 
adopted for multicomponent alloys [12]. inoue’s rules published 
in 2000 included: (1) the alloy system contains at least three 
chemical elements, (2) the mixing enthalpy (ΔHmix) among 
the principal elements has a large negative value, and (3) the 
atomic size differences (δ ) among the alloying elements should 
be higher than 12% [12]. 

usually, amorphous alloys are created after reaching the 
critical cooling rate (ccR) [13]. Fabrication methods must be 
chosen to reach the ccR to obtain fully amorphous alloys. lit-
erature data revealed that the critical cooling rate in the range 
105 ÷ 106 K·s–1 could be enough to produce fully amorphous 
materials [13]. in the literature, it was reported that manufactur-
ing methods such as melt spinning (MS) or suction casting (Sc) 
methods ensured reaching the ccR for various alloys [14-16]. 
the examples of literature-described amorphous high entropy 
alloys produced via MS or Sc include Fe-Mn-co-cr-Ni [17], 
ti-Ni-Si-cr-co-Al [18], gd-tm-er-co-Al [19],  hf-Nb-ta-ti-Zr 
[20], Fe-co-cr-Ni-Zr [21]. Amorphous high entropy alloys 
(AheAs) could be classified as an interesting group of heAs 
due to the possibility of developing chemical compositions and 
fabrication methods to obtain fully amorphous materials. how-
ever, based on the literature data, AheAs are mainly produced 
using melt spinning or suction casting methods, which ensure the 
reach of ccR [14,22]. Moreover, amorphous high entropy mate-
rials can also reveal brittleness and insufficient properties, such 
as low plasticity at room temperature (V-Nb-Mo-ta-w) [23]. 
however, there is still a need to design new AheAs compositions 
produced by modern methods. additionally, the development of 
fabrication methods could contribute to fill the knowledge gap 
of amorphous high entropy materials. 

the main aim of the presented work was to design mul-
ticomponent alloys with high atomic size differences (δ ) and 
significant negative mixing enthalpy (ΔHmix) of alloying ele-
ments following the inoue rules of obtaining amorphous alloys 
in an as-cast state (immediately after the vacuum arc melting). 
Furthermore, si and Y chemical elements were chosen due to 
their amorphization ability and high atomic radii differences. 
to our best knowledge, producing amorphous multicomponent 
alloys using the vacuum arc melting technique could contribute 
to developing of fabrication methods. Moreover, both studied 
muticomponent compositions, cr25Zr25co20Mo15si10Y5 and 

 cr25co25Zr20Mo15si10Y5 (at. %), were not described previously in 
the literature. the aim of the undertaken work was to investigate 
the microstructure, selected mechanical properties and the pos-
sibility of amorphous structure formation of the proposed alloys.

2. Materials and methods

Six elemental multicomponent cr25Zr25co20Mo15si10Y5 
(denoted as Sample 1) and cr25co25Zr20Mo15si10Y5 (at.%) (de-
noted as sample 2) alloys were produced from bulk elements 
with purity >99.5%. in order to remove the self-passivated 
oxygen layer, all bulk elements were ground using Sic grinding 
paper with P360. in the next step, alloying elements were pre-
cisely weighted using Radwag AS 60/220/c/2 laboratory weight. 
5 g melting buttons were produced (diameter of the buttlo was 
approximately 1.3 mm) via the vacuum arc melting technique 
in an Ar atmosphere (chamber pressure of 1.2 bar). high-purity 
ti-getter was used to capture residual gases in the chamber. 
both samples were remelted five times and mixed in the liquid 
state for 180 s to achieve homogeneous distribution of alloying 
elements. No further thermal treatment was performed – the 
alloys were examined in the as-cast states. both studied alloys 
were embedded into electron-conductive resin. as-embedded 
samples were further grinded using Sic grinding papers (grit 
from 320 to 2400). 6 μm, 3 μm, and 1 μm diamond suspension 
were used to polish the produced samples. Final polishing was 
performed using colloidal silica dioxide (sio2) oP-s suspension 
with 0.04-μm particle size. 

X-ray powder diffraction (XrD) measurements were per-
formed using Philips X’Pert Pw 3040/60 diffractometer with 
cu anode (cuKα – λ = 1.54056 Å) working at an electric current 
of 30 mA, voltage of 40 kV, equipped with high-speed linear 
X’celerator detector. X-ray diffraction patterns were collected 
using θ-θ geometry in the “step scanning” method with a 0.04° 
step and a counting time of 12 s/step in the angular range of 
2θ = 10 ÷ 140°. the XRD phase analysis was performed using 
the international centre for Diffraction Data (icDD) PDF-4 
database reference standards.

Microstructure analysis was performed using a Jeol 
JSM-6480 scanning electron microscope (SeM) working with 
the accelerating voltage of 20 kV and equipped with the energy 
Dispersive X-ray Spectroscopy (eDS) detector from iXRF. 

Microhardness measurements were carried out using Micro-
Vickers tester 401MVD, equipped in ~136° pyramidal Vickers 
tip, under the load of 1 kg (hV 1) and dwell time of 10 s.

3. results and discussion

3.1. Phase formation predictions for studied alloys

As mentioned above, atomic size mismatch, mixing en-
thalpy, and inoue rules were indicative for the selection of the 
presented chemical compositions of the studied alloys. these 
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mentioned parameters were selected in a regime that could lead 
to the formation of an amorphous phase after solidification. both 
chemical compositions of the studied multicomponent alloys, 
cr25Zr25co20Mo15si10Y5 and cr25co25Zr20Mo15si10Y5, met the 
inoue rules for amorphous phase formation. above-described 
thermodynamical parameters for the studied composition were 
compared with literature-reported co15cr15Mo25si15Y15Zr15 
alloy [24] and are shown in tAble 1. 

3.2. X-ray diffraction phase analysis of studied alloys

For both studies, sample 1 and sample 2, collected and indexed 
experimental X-ray diffraction patterns are presented in Fig. 1. 

XrD phase analysis of both studied compositions revealed 
the presence of multi-phase structures. For both sample 1 and 
sample 2, the dominant phase was the structure similar to the 
ternary coMo3Zr2 (icDD 01-082-6072, hexagonal – space group 
P63/mmc) phase. the lattice parameters reported by icDD were 
as follows: a0 = 5.0190 Å and c0 = 8.2040 Å. For both the studied 
multicomponent compositions, the second identified phase was 
a structure similar to the binary si3Y5 (icDD  04-003-3406) with 
a P63/mcm space group as the above-described phase and lat-
tice parameters a0 = 8.4230 Å and c0 = 6.3540 Å. the presence 
of the si3Y5 phase was also literature-reported for co-cr-Mo-
Si-y-Zr high entropy alloy [24]. XRD phase analysis for both 
multicomponent alloys also revealed the presence of structures 

similar to pure Si (icDD 04-002-2831), representing cubic 
crystal structures, with Fd3–m space group. the icDD lattice 
parameters were a0 = 5.2680 Å. the content of the silicon phase 
in both studied samples is very low. For sample 1, additionally, 
the presence of the fourth phase with a structure similar to pure 
Mo (icDD 00-042-1120), with im3–m space group was identified. 
the icDD lattice parameters were a0 = 3.1472 Å. For Sample 1 
and Sample 2 XRD phase analysis was correlated with SeM-eDS 
chemical composition analysis (see tAble 3 and tAble 4), 
where the presence of co, Mo, Si, y, and Zr-enriched phases 
were observed. however, based on the chemical composition 
analysis, pure si has not been observed in the microstructure. 
collected data of XRD phase analysis for both studied alloys 
are presented in tAble 2.

the diffraction peaks position was analyzed for both the 
studied multicomponent materials in comparison to the position 
suggested by the icDD standards. the detailed analysis of the 
recorded diffraction patterns showed that the 2θ peak position 
varies slightly from the icDD-described location. it indicates that 
the lattice parameters are slightly different from the theoretical 
ones, contributing to the contraction and expansion of unit cell 
parameters. it is highly probable that the highest atomic radii of 
Y (ri = 1.802 Å) and the lowest atomic radii of Si (ri = 1.153 Å) 
could favour the expansion and contraction of unit cell param-
eters, respectively [24]. Detailed studies for confirmation of the 
identified phases using transmission electron microscopy (teM) 
will be undertaken in future work.

tAble 1

thermodynamical parameters for the studied alloy: atomic size mismatch – δ, mixing enthalpy – ΔHmix, mixing entropy (ΔSmix),  
Valence electron concentration (Vec) and Zhang parameter (Ω) [25]

δ [%] ΔHmix [kJ/mol] ΔSmix [J·(mol·K)−1] Vec Ω references
cr25Zr25co20Mo15si10Y5 

(sample 1) 13.45 –31.36 13.97 5.75 0.95 Presented work

cr25co25Zr20Mo15si10Y5 
(sample 2) 13.18 –30.32 13.97 6.00 0.97 Presented work

co15cr15Mo25si15Y15Zr15 15.44 –29.49 14.71 5.40 1.08 [24]

Fig. 1. indexed X-ray diffraction patterns for a) cr25Zr25co20Mo15si10Y5 and b) cr25co25Zr20Mo15si10Y5 multicomponent alloys
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3.3. Microstructure analysis of studied alloys

in order to study the microstructure of the obtained alloys, 
SeM observations have been performed. backscattered electrons 
(bSe) images of Sample 1 and Sample 2 are presented in Fig 2.

Microstructure analysis confirmed the presence of multi-
phase structures revealed during XrD phase analysis. the 
observed regions with differences in contrast, corresponding 
to the differences in the chemical compositions, were denoted 
as Phase 1, Phase 2, and Phase 3 for sample 1 and Phase 1 and 

tAble 2
XRD data from icDD for both studied multicomponent alloys 

sample sample 1 sample 2
Phase coMo3Zr2 si3Y5 si Mo coMo3Zr2 si3Y5 si

crystallographic  
system hexagonal cubic hexagonal cubic

space group P63/mmc P63/mcm Fd3–m im3–m P63/mmc P63/mcm Fd3–m
icDD 01-082-6072 04-003-3406 04-002-2831 00-042-1120 01-082-6072 04-003-3406 04-002-2831

Fig. 2. SeM-bSe microstructure images with assigned phases for Sample 1 and Sample 2
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Phase 2 for Sample 2, respectively. Furthermore, SeM micro-
structure images also showed the presence of small micropores. 

in order to investigate the chemical compositions of the 
identified phases, SeM-eDS studies have been performed. For 
both studied multicomponent materials, the chemical composi-
tion analysis was performed based on the 40 measurements for 
each phase. the results of SeM-eDS chemical compositions are 
presented in tAble 3 for Sample 1 and tAble 4 for Sample 2, 
respectively. Moreover, obtained results were compared with the 
nominal chemical compositions of both studied alloys. 

tAble 3

SeM-eDS average chemical composition analysis for Sample 1 

sample 1
elements and average at. %

co cr Mo si Y Zr
Nominal 20 25 15 10 5 25
Phase 1 21.6(4) 18.8(5) 11.0(5) 14.1(1) 1.9(1) 32.6(3)
Phase 2 4.0(1) 8.2(1) 86.6(2) 1.0(1) 0.0(0) 0.3(1)
Phase 3 4.5(2) 3.8(1) 2.2(1) 26.7(2) 58.6(5) 4.2(2)

tAble 4

SeM-eDS average chemical composition analysis for Sample 2

sample 2
elements and average at. %

co cr Mo si Y Zr
Nominal 25 25 15 10 5 20
Phase 1 13.9(2) 21.0(4) 20.5(8) 7.0(1) 4.5(5) 33.2(1)
Phase 2 14.7(3) 17.7(4) 15.1(9) 10.8(3) 15.9(6) 25.9(2)

For sample 1, it was revealed that Phase 1 was mainly 
co, cr, Mo, Si and Zr-enriched. on the other hand, this phase 
was y-depleted. For Phase 2, SeM-eDS analysis showed the 
enrichment mainly in Mo with a small concentration of cr and 
co. it is probable that low mixing enthalpy of Mo with other 
alloying elements contributes to the formation of Mo-enriched 
phases. Moreover, the presence of a phase with a high concen-
tration of Mo could correspond to the highest melting point 
of this element in comparison to other chemical elements. on 
the other hand, Phase 3 for this sample was si and Y-enriched, 
which could correspond to the si3Y5 phase, confirmed by XrD 
phase analysis. based on the SeM-eDS chemical composition 
analysis, it could be concluded that si and Y exhibit good mix-
ability. Moreover, the enrichment in both si and Y chemical 
elements was also observed for the literature-reported co-cr-
Mo-Si-y-Zr alloys [24]. 

For Sample 2, the enrichment in Zr, cr, and Mo was ob-
served for Phase 1. on the other hand, chemical composition 
analysis revealed the enrichment in Zr, cr, y, and Mo for Phase 2. 

in order to confirm the elemental segregation in the micro-
structures of both studied alloys, the elemental distribution maps 
(eDM) have been recorded (Fig. 3). it should be underlined that 
eDM confirmed the above-described eDS chemical composi-
tion analysis.

3.4. Microhardness measurements of studied alloys

Microhardness measurements were performed to determine 
the mechanical properties of the studied multicomponent al-
loys. Microhardness was determined based on 20 indents from 
the central part of both samples. Due to the micrometric size 
of Vickers tip, presented microhardness are the average values 
from all identified phases. obtained results were compared with 
literature-reported high entropy and multicomponent alloys and 
are presented in tAble 5. 

tAble 5
Microhardness of studied high entropy alloys in comparison to 

literature-reported heAs and multicomponent materials

chemical composition Microhardness 
[hV1] references

Nb-24ti-18Si-5Al-5b-5cr-6ta 1480 [26]
sample 2

(cr25co25Zr20Mo15si10Y5)
933(22) Present work

sample 1
(cr25Zr25co20Mo15si10Y5)

832(27) Present work

Fe-al35-si5 819 [27]
ti-Zr-Al-Nb-co 769 [28]
co-cr-Fe-Ni-Nb 620 [29]

hfMo0.5NbtiV0.5Si0.7 612 [30]
Ni-cr-b-Si 580 [31]

ti20ta20Nb20(Zrhf)10Mo20 557 [32]
ti-Nb-ta-Zr-w 556 [33]
co-cr-Mo-Si 515 [34]

ti20ta20Nb20(Zrhf)12.5Mo15 505
[32]ti20ta20Nb20(Zrhf)20 475

ti20ta20Nb20(Zrhf)17.5Mo5 469
ti-Nb-ta-Zr-V 430 [33]

ti20ta20Nb20(Zrhf)15Mo10 427 [32]
cu-Ni-Si 280 [34]

Al-Si-cu-Fe-Mg 270 [35]
al-Mg-si 110 [36]

Microhardness measurements revealed that both studied 
compositions exhibited high microhardness equal to 832(27) 
hV1 for Sample 1 and 933(22) hV1 for Sample 2, respectively. 
Moreover, the microhardness of investigated materials was 
much higher in comparison to literature-reported heAs such as 
refractory ti-Nb-ta-Zr-V and ti-Nb-ta-Zr-w [33], co-cr-Fe-
Ni-Nb [29], ti-Zr-Al-Nb-co [28] high entropy alloys. Micro-
hardness measurements also revealed that both studied alloys 
exhibited higher microhardness in comparison to Mo-containing, 
 six-elemental ti-ta-Nb-Zr-hf [32], and Si and y-containing 
Fe-Al35-Si5 alloy [27]. 

the changes in chemical compositions of the studied alloys 
probably contributed to the increase of microhardness in compar-
ison to literature-reported heAs and multicomponent materials. 
Furthermore, it was also literature-described that the addition of 
si and Y also increased the microhardness of reported materi-
als [37], [38]. Moreover, XRD phase and SeM-eDS chemical 
composition analysis for samples 1 and sample 2 revealed the 
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presence of structures corresponding to si3Y5 phases and the 
presence of si and Y-enriched regions, which could significantly 
increase the microhardness of studied multicomponent alloys. 

the drawback of the potential application ability of studied 
alloys could correspond to the presence of multi-phase structures. 
however, the development in fabrication methods, such as melt 
spinning or suction casting, could contribute to obtaining fully 
amorphous structures (to reach a critical cooling rate) in an as-
cast state. Moreover, further changes in chemical compositions 
in order to increase the atomic size mismatch (δ) and drastically 

decrease the mixing enthalpy (ΔHmix) of the alloying elements 
could also contribute to obtaining amorphous structures. 

4. conclusions

two six-elemental multicomponent cr25Zr25co20Mo15 
si10Y5 and cr25co25Zr20Mo15si10Y5 (at. %) alloys were designed 
and vacuum arc melted. the chemical compositions were chosen 
to obtain high atomic radii differences, large, negative mixing 

Fig. 3. SeM-eDS elemental distribution maps for studied Sample 1 and Sample 2
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enthalpy and reach the inoue rules of an amorphous phase 
formation. XRD and SeM analysis revealed the presence of 
multi-phase structures in both studied multicomponent materi-
als. Furthermore, identified phases represented hexagonal and 
cubic crystal structures. Moreover, all phases exhibited differ-
ences in the space groups and lattice parameters. Microstructure, 
SeM-eDS chemical composition, and SeM-eDM confirmed 
the elemental segregations in the microstructure of the studied 
materials. Due to the presence of si and Y-enriched phases, 
both alloys exhibited much higher microhardness compared to 
literature-reported high entropy alloys and muticomponent al-
loys. From the performed measurements, we could not confirm 
the presence of amorphous phases in the studied materials. 
Further teM observation would be needed in order to examine 
the structure of the studied materials. it is probable that like 
in a similar composition co15cr15Mo25si15Y15Zr15 [24] small 
amorphous regions could be present. the performed observations 
indicate that the inoue rules can not be the only indication of 
obtaining amorphous phases in multicomponent alloys without 
achieving critical cooling rates.
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