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Abstract—Refractory high-entropy alloys (HEAs) are a new class of metallic materials based on group 4–

6 elements of the periodic table with possible additions of Al, Si, Re, C, or B. Some single-phase refractory 

HEAs can maintain high strength up to 1600°C, while multiphase compositions have more attractive specific 

properties at temperatures up to 1200°C. Here we examine the structure and mechanical properties of refrac-

tory HEAs Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, and Nb30Mo30Co20Ti20 (at %). The alloys consisted of an 

intermetallic B2 matrix and particles of a disordered bcc phase, as well as a minor volume fraction of additio-

nal bcc (Nb30Mo30Co20Hf20 and Nb30Mo30Co20Zr20) or fcc (Nb30Mo30Co20Ti20) phases. When tested for uni-

axial compression, Nb30Mo30Co20Ti20 alloy showed a higher yield strength in the temperature range of 22–

1000°C than Nb30Mo30Co20Hf20 and Nb30Mo30Co20Zr20 alloys. Nb30Mo30Co20Zr20 alloy did not fail at tempe-

ratures of 22–800°C to a given 50% strain, while Nb30Mo30Co20Ti20 alloy turned out to be brittle. All alloys 

demonstrated high strain hardening in the temperature range of 22–800°C, and they can compete in terms of 

specific strength with commercial nickel and cobalt superalloys. 
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1. INTRODUCTION 

Advances in the aerospace and energy industries 

require the development of new materials with higher 

performance characteristics. In the past few decades, 

nickel-based superalloys have been the most popular 

alloys in the aviation industry [1, 2]. Being composed 

of the ductile parent γ (fcc) phase and strong γ′ (L12) 

particles [3–8], these alloys demonstrate balanced 

properties up to 1150°C. However, the turbine inlet 

temperature in modern aircraft engines approaches 

1700°C, which requires the use of thermal barrier 

coatings and additional cooling, which significantly 

reduces the engine efficiency [9]. 

Materials consisting of three or more components 

with the concentration 5–35 at % each [10], referred 

to as medium/high entropy alloys [11–14], are now 

being extensively investigated. This research field is 

a promising alternative for increasing the operating 

temperatures of moving parts of gas turbine engines. 

In particular, high-entropy alloys based on refractory  
 

elements demonstrate attractive strength at tempera-

tures up to 1600°C [15–17]. Refractory high-entropy 

alloys have a predominantly single-phase bcc struc-

ture, which complicates the control over their mecha-

nical properties [16, 18, 19]. However, it is known 

from experience that the introduction of reinforcing 

particles into the soft matrix of nickel superalloys in-

creases their strength without loss of ductility [20]. 

This approach was used to develop refractory high-

entropy superalloys with a two-phase bcc-B2 struc-

ture (ordered binary B2 compounds with a bcc lat-

tice, a CsCl-type structure) [21–26]. However, these 

alloys often proved to be unstable at temperatures 

above 700°C. Brittle intermetallic compounds form-

ed in the alloy, causing the material embrittlement 

[27–29]. 

A more stable bcc-B2 structure can be formed in 

refractory alloys, including high-entropy ones, by 

using B2 compounds based on group 4 and 8–10 ele-

ments of the periodic table. In particular, W-Ti-Fe al-
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loys can exhibit high strength at Т = 1000°С due to 

semicoherent Ti- and Fe-rich B2 particles [30]. It 

was reported in [31] that the B2 phase can also be 

used as a ductile matrix. The authors proposed a 

Nb30Mo30Co20Hf20 alloy (at %), which had ba-

lanced mechanical properties at Т < 1000°С and ex-

ceptional capacity for strain hardening at 22–600°C. 

The soft Hf- and Co-rich B2 matrix contributed to 

blunting of cracks formed in hard (Nb, Mo)-rich bcc 

particles, which made the strain hardening stage lon-

ger and increased the ductility. 

Apart from HfCo, there are two more B2 com-

pounds with high ductility even under tension [32, 

33], namely, ZrCo and TiCo, which show promise 

for the development of lighter high-temperature 

composites. This paper compares the results of the 

microstructural and mechanical investigations as well 

as of microhardness measurements of the phases of  

the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20, and 

Nb30Mo30Co20Zr20. 

2. MATERIALS AND METHODS  

OF INVESTIGATION 

The investigation is concerned with the compo-

sites Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20, and Nb30 

Mo30Co20Zr20 (at %). These alloys were obtained by 

vacuum-arc remelting of high-purity metals (no less 

than 99.9 wt %) in the copper mold under an argon 

atmosphere. Pure metals had the form of cylindrical 

granules 2.4 mm in diameter and 3.0 mm in height. 

The chemical composition of the alloys is presented 

in Table 1. The ingot measured ≈7 × 11 × 55 mm3. 

Phase diagrams and phase compositions of the al-

loys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, and Nb30 

Mo30Co20Ti20 were modeled using Thermo-Calc soft-

ware (version 2022a) with TCHEA4 databases. The 

microstructure of the alloys was studied using back-

scattered electron scanning microscopy (SEM), trans-

mission electron microscopy (TEM), and scanning 

transmission electron microscopy (STEM). SEM stu-

dies were carried out under FEI Quanta 600 FEG 

microscopes. TEM studies were performed under a 

JEOL JEM-2100 microscope equipped with the ener- 

 

gy dispersive detector. The volume fraction was 

measured manually according to GOST R ISO 9042-

2011 using a point grid. The method consists in ap-

plying a point grid to a given number of fields of the 

studied surface, counting the number of grid points 

within the structural component, and then calculating 

its volume fraction. The volume fraction is calculated 

using the formula 

 
1

1
( ),

n

i

Vv Pp Pp i
n 

    (1) 

where n is the number of the studied fields, Pp  is the 

arithmetic mean of Pp(i), Pp(i) = Pi/Pt is the fraction 

of grid points within the considered structural com-

ponent in the ith field, Pi is the number of points in 

the ith field, and Pt is the total number of grid points. 

Mechanical compression tests on rectangular speci-

mens with the dimensions 5 × 3 × 3 mm3 were carried 

out in air at 22, 600, 800 and 1000°C on an Instron 

300LX testing machine equipped with the radial fur-

nace. Before testing at 600–1000°C, the specimens 

were placed into the preheated furnace and held for 

10 min to attain the test temperature. The specimen 

temperature was controlled by the thermocouple at-

tached to the side surface of a specimen. The initial 

strain rate was 10–4
 s–1. The stress is calculated by the 

formula 

 ,F S   (2) 

where F is the load applied to the specimen, and S is 

the initial cross-sectional area of the specimen. 

Strain hardening is calculated using the formula  

 0.05 0.002 ,
0.05 0.002

 


 
 (3) 

where σ0.05 is the stress at the true strain 0.05, and 

σ0.002 is the yield strength [31]. Hardness measure-

ments were carried out using a Shimadzu DUH-211s 

dynamic ultramicrohardness tester equipped with the 

Berkovich indenter. At least twenty indentations 

were performed for each of the phases, avoiding any 

influence of the adjacent phase(s). The maximum 

load was 50 mN with the loading time 5 s and rate 

6.6620 mN/s. The hardness and elastic modulus were 

obtained using the method described in [27]. 

 
Table 1. Chemical composition of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20, and Nb30Mo30Co20Zr20 

Element, at % 
Alloy 

Density, 

g/cm3 Nb Mo Co Hf Zr Ti O, g/t N, g/t 

Nb30Mo30Co20Hf20 10.4 ± 0.2 28.2 ± 0.8 30.3 ± 0.5 20.9 ± 0.4 20.7 ± 0.3 – – 390 ± 15 30 ± 2 

Nb30Mo30Co20Zr20 8.5 ± 0.3 29.6 ± 0.3 30.8 ± 0.6 20.1 ± 0.3 – 19.5 ± 0.4 – 434 ± 15 39 ± 4 

Nb30Mo30Co20Ti20 8.2 ± 0.1 28.8 ± 0.4 32.8 ± 0.3 19.4 ± 0.2 – – 19.0 ± 0.5 392 ± 12 49 ± 5 
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Fig. 1. Microstructure of the Nb30Mo30Co20Hf20 alloy: SEM image (a); SAED pattern demonstrating the orientation relationships: 

(110)bcc || (110)B2 || (110)bcc(Nb), bcc B2 bcc(Nb)[002] || [001] || [002]  (b); STEM image (c); element distribution maps (d) (color on-

line). 

 
3. RESULTS 

3.1. Microstructure 

The structural-phase investigation of the Nb30 

Mo30Co20Hf20 alloy shows the presence of three 

components (Fig. 1a). The Hf- and Co-rich B2 matrix  

 

(the light phase in Fig. 1a) contains ellipsoidal Nb- 

and Mo-rich bcc particles (the dark gray phase in 

Fig. 1a). Rare small Nb-rich particles are also found 

at the bcc-B2 phase boundaries (Figs. 1a, 1b, Ta-

ble 2). The orientations of the three phases are in the  

 
Table 2. Chemical composition of structural components of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, and Nb30Mo30Co20Ti20 

Element, at % 
Alloy Phase Volume fraction, % 

Nb Mo Co Hf Zr Ti 

B2 47.4 ± 0.5 7.3 ± 0.2 3.3 ± 0.5 45.4 ± 1.3 44.0 ± 0.8 – – 

bcc 51.1 ± 0.8 36.0 ± 0.3 53.5 ± 0.8 2.1 ± 0.2 8.4 ± 0.6 – – Nb30Mo30Co20Hf20 

Nb particles 1.5 ± 0.3 57.4 ± 0.5 26.9 ± 1.1 7.9 ± 0.5 7.8 ± 0.3 – – 

B2 39.0 ± 0.9 7.3 ± 0.6 4.0 ± 0.7 44.3 ± 0.6 – 44.4 ± 0.8 – 

bcc 60.0 ± 1.1 46.4 ± 0.4 44.8 ± 1.1 3.3 ± 0.4 – 5.5 ± 0.7 – Nb30Mo30Co20Zr20 

Nb particles 1.0 ± 0.4 73.8 ± 0.5 19.0 ± 0.3 1.4 ± 0.2 – 5.8 ± 0.3 – 

B2 29.0 ± 1.5 14.1 ± 0.2 4.5 ± 0.3 45.9 ± 0.8 – – 35.6 ± 0.6 

bcc 70.0 ± 1.2 37.9 ± 0.5 48.6 ± 0.8 2.7 ± 0.3 – – 10.8 ± 0.4 Nb30Mo30Co20Ti20 

Ti particles 1.0 ± 0.2 3.9 ± 0.3 0.5 ± 0.2 0.5 ± 0.2 – – 95.1 ± 1.1 
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Fig. 2. Microstructure of the Nb30Mo30Co20Zr20 alloy: SEM image showing the composite structure including the bcc and B2 

phases (a); SAED pattern demonstrating the cube-on-cube orientation relationship: (110)bcc || (110)B2, bcc B2[010] || [010]  (b); 

STEM image (c); element distribution maps (d). 

 
ratio: (110)bcc || (110)B2 || (110)bcc(Nb), [001]bcc || [001]B2 || 

[001]bcc(Nb) (Fig. 1c). This cube-on-cube orientation 

relationship is typical for alloys with a bcc-B2 struc-

ture [23, 25, 30, 31, 34]. The volume fractions of the 

B2, bcc(Nb, Mo) (niobium- and molybdenum-rich) 

and bcc(Nb) (niobium-rich) phases are ≈47, ≈51, and 

<2%, respectively (Table 2). 

The Nb30Mo30Co20Zr20 alloy consists of a Zr- and 

Co-rich B2 matrix (the dark gray phase in Fig. 2a) 

and a Nb- and Mo-rich bcc phase (the light phase in 

Fig. 2a) (Figs. 2a, 2b, Table 2). In the zirconium al-

loy, the bcc particles have a more elongated shape 

than those in the Nb30Mo30Co20Hf20 alloy (Figs. 1a, 

2a). The detailed study of the alloy reveals a small 

amount of the Nb-rich bcc phase (Figs. 2c, 2d, Ta-

ble 2) at the bcc-B2 phase boundaries, as in the 

Nb30Mo30Co20Hf20 alloy (Fig. 1). A cube-on-cube ori-

entation relationship is also found between the struc-

tural components (Fig. 2b). The volume fraction of 

the B2, (Nb, Mo)-rich bcc and Nb-rich bcc phases is 

≈39, ≈60, and ≈1%, respectively (Table 2). 

The typical structural-phase state of the Nb30 

Mo30Co20Ti20 alloy is represented by two dominant 

phases: islands of the bcc phase (the light phase in 

Fig. 3a) located in the parent B2 phase (the dark gray 

phase in Fig. 3a). In this case, the bcc phase is enrich-

ed in niobium and molybdenum, and the B2 phase is 

enriched in cobalt and titanium (Figs. 3a, 3c, 3d, Ta-

ble 2). A Ti- and O-rich phase (40.1% O–36.4% Ti–

16.6% Co–5.9% Nb–1.0% Mo) with an fcc structure 

was also detected (Figs. 3b–3d, Table 2). Particles of 

the fcc phase are located within the B2 phase, as well 

as near the bcc-B2 phase boundaries. The volume 

fractions of the bcc, B2, and fcc phases are ≈70, ≈29, 

and <1%, respectively (Table 2). 

3.2. Mechanical Properties 

The Nb30Mo30Co20Hf20 alloy shows high strength 

and sufficient strain to fracture both at room tempera-

ture and at 1000°C (Fig. 4, Table 3). In particular, the 

yield strength and fracture strain at 22°С are equal to 

1180 MPa and 10%, respectively. At 1000°С, the 

yield strength remains at the level 370 MPa, and the 

ductility increases to >40%. A substitution of Zr for 

Hf gives a considerable increase in ductility (by more 

than 4 times at 22°С) (Fig. 4, Table 3). However, at 

higher temperature, the ductility of the alloys Nb30 

Mo30Co20Hf20 and Nb30Mo30Co20Zr20 become closer. 

The yield stress of the Nb30Mo30Co20Zr20 alloy is no- 
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Fig. 3. Microstructure of the Nb30Mo30Co20Ti20 alloy: SEM image (a); STEM image (b); SAED patterns from the bcc, B2 and fcc 

phases (c); element distribution maps (d) (color online). 

 
ticeably lower in the entire temperature range (Fig. 4, 

Table 3). The replacement of Hf by Ti leads to a cer-

tain increase in the strength at the temperatures 800 

and 1000°С (Figs. 4c, 4d, Table 3). At the same time, 

the strain to fracture of the Nb30Mo30Co20Ti20 alloy in 

the temperature range 22–800°С does not exceed 

30% and is the lowest among the studied alloys 

(Figs. 4a–4c,Table 3). Moreover, all the studied al-

loys are characterized by an unusually high strain 

hardening at temperatures up to 800°С (Figs. 4а–4c).  

3.3. Microstructure after Testing for Uniaxial  

Compression  

When tested for room-temperature uniaxial com-

pression (Fig. 5а), the Nb30Mo30Co20Hf20 alloy re- 

 

 

Fig. 4. Stress–strain curves of the alloys Nb30Mo30Co20Hf20 (1), Nb30Mo30Co20Zr20 (2), and Nb30Mo30Co20Ti20 (3) obtained du-

ring uniaxial compression tests at the temperatures 22 (a), 600 (b), 800 (c), and 1000°C (d). 
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Table 3. Mechanical properties of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, and Nb30Mo30Co20Ti20 (σ0.2—yield strength, 

σpeak—peak stress, εpeak—strain at the peak stress, ε—fracture strain) after uniaxial compression at the temperature 22–1000°С 

Alloy Temperature, °C σ0.2, MPa σpeak, MPa εpeak, % ε, % 

22 1180 ± 75 1865 ± 80 8.8 ± 0.3 10.0 ± 0.5 

600 1000 ± 90 2325 ± 75 28.0 ± 0.8 30.0 ± 0.8 

800 685 ± 65 1105 ± 35 27.2 ± 0.9 35.0 ± 0.3 
Nb30Mo30Co20Hf20 

1000 370 ± 40 520 ± 20 4.6 ± 0.4 >40.0 

22 910 ± 40 3410 ± 60 37.0 ± 0.3 >40.0 

600 705 ± 55 1645 ± 55 32.3 ± 1.3 >40.0 

800 470 ± 30 742 ± 40 15.6 ± 0.8 >40.0 
Nb30Mo30Co20Zr20 

1000 325 ± 35 360 ± 25 2.2 ± 0.1 >40.0 

22 1185 ± 80 2075 ± 65 8.5 ± 0.6 9.0 ± 0.4 

600 900 ± 60 1735 ± 40 14.6 ± 0.4 15.1 ± 0.1 

800 740 ± 75 1100 ± 35 16.8 ± 0.2 27.8 ± 0.4 
 Nb30Mo30Co20Ti20 

1000 415 ± 35 490 ± 35 2.5 ± 0.1 >40 

 
veals cracks that propagate mainly in the bcc phase 

and change direction when they meet the B2 partic-

les. The bcc particles and the B2 phase exhibit an in-

homogeneous contrast, which is probably due to the 

formation of the dislocation substructure. At 600°С 

(Fig. 5b), the crack growth behavior is the same: 

cracks form in the bcc phase, often change their di-

rection at the phase boundary and do not propagate in 

the B2 phase. Strain contrast is also observed within 

the phases. After uniaxial compression at 800°С 

(Fig. 5c), the microstructure is different. There occur 

deformation localization and shear band formation. 

Cracks propagate mainly at the bcc-B2 phase bound-

ary. The bcc particles are seen to elongate in the di- 

 

rection of plastic flow (indicated by an arrow in 

Fig. 5c). At 1000°С, no cracks are visible (Fig. 5d), 

but pores are pronounced at the bcc-B2 phase bound-

ary. Fine particles form in the B2 phase. The bcc par-

ticles also appear to elongate in the plastic flow di-

rection. 

After uniaxial compression in the temperature 

range 22–1000°С, the Nb30Mo30Co20Zr20 alloy exhi-

bits no cracks, but pores form in the B2 phase 

(Figs. 6a, 6b). Increasing the test temperature increa-

ses the number and size of pores. In the entire tempe-

rature range, bcc particles become flattened and elon-

gated in the plastic flow direction. At the temperature 

1000°С, similarly to the Nb30Mo30Co20Hf20 alloy  

 

 

Fig. 5. Microstructure of the Nb30Mo30Co20Hf20 alloy after uniaxial compression tests at the temperatures 22 (a), 600 (b), 800 (c), 

and 1000°C (d) (color online). 
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Fig. 6. Microstructure of the Nb30Mo30Co20Zr20 alloy after uniaxial compression tests at the temperatures 22 (a), 600 (b), 800 (c), 

and 1000°C (d). 

 
(Fig. 5d), numerous fine particles (of the average size 

175 ± 72 nm) form in the B2 phase (Fig. 6d). 

In the Nb30Mo30Co20Ti20 alloy, as in Nb30Mo30 

Co20Hf20, cracks are initiated in the bcc particles and 

retarded in the B2 phase with the change in their  

direction (Fig. 7). However, the bcc phase in the 

Nb30Mo30Co20Ti20 alloy remains brittle in the entire 

temperature range. In the range from 22 to 600°С, no 

signs of plastic deformation are detected in both 

phases. This suggests the apparent plasticity of the 

alloy in the stress–strain curves (Figs. 4a, 4b) because 

the relative strain increase is due to crack propaga-

tion. At the temperature 800–1000°С, the bcc and B2 

phases show a strain contrast caused by the develop-

ment of the dislocation substructure, which implies 

the plastic flow activation. At 1000°С, fine particles 

are precipitated in the B2 phase.  

4. DISCUSSION 

The experimental observations show that the al-

loys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, and Nb30 

Mo30Co20Ti20 have a similar microstructure consist-

ing of the bcc and B2 phases. The phase composition 

of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20, 

and Nb30Mo30Co20Ti20 was determined quite accura-  

 

tely using the CALPHAD method (CALculation of 

PHAse Diagrams). Figure 8a exhibits the phase dia-

gram of the Nb30Mo30Co20Hf20 alloy. Thermodyna-

mic modeling predicts the separation of the liquid 

phase into the (Nb, Mo)- and (Hf, Co)-rich phases, 

which crystallize into the bcc and B2 phases, respec-

tively. Liquid phase separation is usually associated 

with a positive enthalpy of mixing (ΔHmix) [35]. In 

this alloy, the elements Hf and Co have a high affin-

ity, and the repelling interaction is found between the 

particles Nb and Hf, i.e. positive enthalpy of mixing 

(Table 4). Recent studies report that the separation 

can also be affected by negative enthalpy of mixing 

[37], so it is most likely that, in this case, both com-

ponents influence the liquid phase separation. 

Though the Thermo-Calc software does not pre-

dict the liquid phase separation in the Nb30Mo30Co20 

Zr20 and Nb30Mo30Co20Ti20 alloys (Figs. 8b, 8c), the 

enthalpy of mixing in the Nb–Zr and Nb–Ti pairs is 

also positive, as in the Nb–Hf pair (Table 4). There-

fore, the possibility of liquid phase separation in 

these alloys cannot be excluded. In the Nb30Mo30 

Co20Zr20 (Fig. 8b) and Nb30Mo30Co20Ti20 (Fig. 8c) 

alloys, the solidus temperature is lower than that in 

the Nb30Mo30Co20Hf20 alloy (Fig. 8a). Thus, the melt-

ing point is 1620°C in the Nb30Mo30Co20Hf20 alloy,  

 

 

Fig. 7. Microstructure of the Nb30Mo30Co20Ti20 alloy after uniaxial compression tests at the temperatures 22 (a), 600 (b), 800 (c), 

and 1000°C (d). 
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Fig. 8. Fraction of equilibrium phases as a function of the temperature for the Nb30Mo30Co20Hf20 (а), Nb30Mo30Co20Zr20 (b), and 

Nb30Mo30Co20Ti20 (c) alloys. 

 
and it is 1250 and 1228°C in the Nb30Mo30Co20Zr20 

and Nb30Mo30Co20Ti20 alloys, respectively. 

According to thermodynamic modeling for the 

three alloys, the volume fractions of the bcc and B2 

phases are 0.6 and 0.4, respectively. The experimen-

tal data suggest that the volume fraction of the phases 

is determined most accurately for the Nb30Mo30Co20 

Zr20 alloy (Fig. 8b, Table 2). The measured volume 

fraction of the bcc phase is 51.1% for the Nb30Mo30 

Co20Hf20 alloy, which is lower than the predicted va-

lue, and 70% for the Nb30Mo30Co20Ti20 alloy, which 

exceeds the predicted value (Figs. 8a, 8c, Table 2). 

Despite the similar phase composition and phase 

morphology, the alloys show significant differences 

in mechanical properties. To gain a better under-

standing of the influence of each phase on the overall 

deformation behavior, we measured microhardness 

of the phases of each alloy (Table 5). The Nb30Mo30 

Co20Hf20 and Nb30Mo30Co20Zr20 alloys have similar 

microhardness values of both phases, however, the 

elastic modulus of the Nb30Mo30Co20Zr20 alloy is lo-

wer, which can explain its higher ductility at Т = 22–

800°С and noticeably lower strength (Fig. 4, Ta-

ble 3). The highest hardness and elastic modulus are  

 
Table 4. Enthalpy of mixing of the constituents [36]  

of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20,  

and Nb30Mo30Co20Zr20 

ΔHmix, 

kJ/mol 
Nb Mo Co Hf Zr Ti 

Nb – 
–

5.7 

–

24.5 
3.9 3.9 2.0 

Mo – – –4.9 –4.0 –6.2 –3.6 

Co – – – 
–

34.7 

–

40.3 

–

28.3 

Hf – – – – –0.2 0.2 

Zr – – – – – –0.2 

Ti – – – – – – 

found for the bcc phase of the Nb30Mo30Co20Ti20 al-

loy, which makes it brittle even at 1000°C (Fig. 7d). 

In the previous study of the Nb30Mo30Co20Ti20 alloy 

[34], the brittleness of the bcc phase in this alloy was 

associated with oxygen-assisted embrittlement, while 

the heat treatment proposed in the paper increased 

the alloy ductility several times. 

One of the parameters characterizing high-tempe-

rature alloys is the specific yield strength, which 

shows the ratio of strength to density of the alloy. At 

room temperature, the specific yield strength is 114, 

106, and 144 MPa g/cm3 for the alloys Nb30Mo30Co20 

Hf20, Nb30Mo30Co20Zr20, and Nb30Mo30Co20Ti20, re-

spectively (Fig. 9a, Table 6). The Nb30Mo30Co20Hf20 

and Nb30Mo30Co20Ti20 alloys demonstrate similar 

temperature dependences of the specific yield 

strength: at the temperature 1000°C, the specific 

yield strength is 35 and 50 MPa g/cm3, respectively 

(alloys 1 and 3 in Fig. 9a). The Nb30Mo30Co20Zr20 al-

loy exhibits a noticeable decrease in the specific 

yield strength at 800°C. Increasing the test tempera-

ture to 1000°C does not decrease this characteristic: 

the specific yield strength is 35 MPa g/cm3 at 800°C 

and 38 MPa g/cm3 at 1000°C (alloy 2 in Fig. 9a). The 

highest specific yield strength is found for the Nb30 

Mo30Co20Ti20 alloy, which turns out to be higher than 

 
Table 5. Microhardness and elastic modulus of the bcc and B2 

phases in the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20,  

and Nb30Mo30Co20Zr20 

Alloy Phase 
Microhardness, 

GPa 
Е, GPa 

B2 6.6 ± 0.7 214.1 ± 7.4 
Nb30Mo30Co20Hf20 

bcc 7.5 ± 0.6 258.9 ± 6.3 

B2 6.5 ± 0.3 177.0 ± 8.2 
Nb30Mo30Co20Zr20 

bcc 7.2 ± 0.4 226.7 ± 4.9 

B2 6.9 ± 0.4 200.8 ± 8.8 
Nb30Mo30Co20Ti20 

bcc 9.2 ± 0.8 278.5 ± 5.9 
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Fig. 9. Temperature dependence of specific yield strength (a): Nb30Mo30Co20Hf20 (1), Nb30Mo30Co20Zr20 (2), Nb30Mo30Co20Ti20 (3), 

Waspaloy [38] (4), Mar-M-302 [39] (5), Co-9Al- 9W [40] (6), and Haynes 188 [41] (7); temperature dependence of the strain hardening 

parameter Δσ/Δε (b): Nb30Mo30Co20Hf20 (1), Nb30Mo30Co20Zr20 (2), Nb30Mo30Co20Ti20 (3), HfNbTaTiZr [42] (4), AlNbTiVZr0.5 [43] (5), 

C-3009 [44] (6), and l0.5CrNbTi2V0.5 [45] (7). 

 
that of hafnium and zirconium alloys, and also higher 

than the specific strength values presented in Fig. 9a 

for commercial alloys, such as Waspaloy, Mar-M-

302, Co-9Al-9W, and Haynes 188. The specific ulti-

mate strength of the zirconium alloy at 22–800°C is 

found to be lower than that of the hafnium alloy, but, 

at 1000°C, the alloys show similar values of specific  

 

 
Table 6. Specific yield strength and strain hardening  

of the alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Zr20,  

and Nb30Mo30Co20Ti20 

Alloy 
Temperature, 

°C 

Specific 

yield 

strength, 

MPa g/cm3 

Δσ/Δε, 
MPa 

22 114 ± 5 
9479 ± 

155 

600 96 ± 3 
10 833 ±

130 

800 66 ± 4 
4688 ± 

115 

Nb30Mo30Co20Hf20 

1000 35 ± 3 2396 ± 95

22 106 ± 4 
10 000 ±

105 

600 82 ± 5 5854 ± 75

800 35 ± 3 3916 ± 60

Nb30Mo30Co20Zr20 

1000 38 ± 2 125 ± 65

22 144 ± 4 
12 812 ±

125 

600 109 ± 3 
9229 ± 

110 

800 90 ± 3 5354 ± 85

 Nb30Mo30Co20Ti20 

1000 50 ± 2 416 ± 65

strength. The specific characteristics of both alloys at 

1000°C are higher than those of commercial nickel-

based Waspaloy superalloy used for parts of gas tur-

bine engines, springs and fasteners, as well as of the 

presented nickel and cobalt superalloys. 

In addition, the alloys under consideration are 

highly prone to strain hardening, which is not typical 

for multiphase refractory high-entropy alloys [43, 

45–49]. The temperature dependence of strain hard-

ening is calculated by the formula Δσ/Δε = (σ0.05 – 

σ0.002)/(0.05 – 0.002) [31], which shows the rate of 

change in strain hardening between the true strain 

ε = 0.05 and yield strength (ε = 0.002) (Fig. 9b, Ta-

ble 6). The used range seems suitable for comparing 

the post-yield behavior of different HEA and other 

refractory alloys in terms of room-temperature ductil-

ity and resistance to softening at high temperatures. 

The Nb30Mo30Co20Hf20 alloy, like the Nb30Mo30Co20 

Ti20 alloy, shows high Δσ/Δε values (~10 000 MPa) 

in the range of 22–600°C compared to the studi-

ed analogues. However, when approaching Т = 800–

1000°С, the parameter Δσ/Δε of the alloys decreases 

noticeably, but is still superior to all multiphase 

HEAs and the S-3009 alloy. The Nb30Mo30Co20Zr20 

alloy has high Δσ/Δε values (~10 000 MPa) at room 

temperature, which however decrease significantly 

with increasing temperature, being lower than those 

of the Nb30Mo30Co20Hf20 and Nb30Mo30Co20Ti20. 

5. CONCLUSIONS 

The structure and mechanical properties were stu-

died and compared for high-entropy alloys Nb30Mo30 

Co20Hf20, Nb30Mo30Co20Ti20, and Nb30Mo30Co20Zr20 

with a bcc + B2 structure. 
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The alloys Nb30Mo30Co20Hf20, Nb30Mo30Co20Ti20, 

and Nb30Mo30Co20Zr20 had a similar phase composi-

tion. The alloys consisted of a Co- and Hf/Zr/Ti-rich 

B2 matrix and (Nb, Mo)-rich bcc particles. A small 

volume fraction of Nb-rich particles (≤1.5%) was de-

tected in the Nb30Mo30Co20Hf20 and Nb30Mo30Co20 

Zr20 alloys. Titanium oxides (TiO2) (≤1%) were 

found in the Nb30Mo30Co20Ti20 alloy. 

The Nb30Mo30Co20Ti20 alloy had the highest yield 

strength, and the Nb30Mo30Co20Zr20 alloy was the 

most ductile. Nb30Mo30Co20Hf20 showed the most ba-

lanced properties in the range of 22–1000°C. All al-

loys demonstrated high strain hardening in the tem-

perature range 22–800°C. 

The specific yield strength of the Nb30Mo30Co20 

Ti20 alloy exceeded that of Nb30Mo30Co20Hf20 and 

Nb30Mo30Co20Zr20 and also the specific strength of 

commercial heat-resistant alloys Waspaloy, Mar-M-

302, Co-9Al-9W, and Haynes 188. 

The Nb30Mo30Co20Hf20 and Nb30Mo30Co20Ti20 al-

loys showed a higher rate of strain hardening in the 

temperature range 22–600°C compared to other ref-

ractory high-entropy alloys. The Nb30Mo30Co20Zr20 

alloy demonstrated a high rate of strain hardening at 

room temperature, which, however, decreased signi-

ficantly with increasing temperature and was lower 

than those of the Nb30Mo30Co20Hf20 and Nb30Mo30 

Co20Ti20 alloys. 
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