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a b s t r a c t 

In this study, a new Nb 30 Mo 30 Hf 20 Co 20 (at. %) refractory high entropy alloy (RHEA) comprising an intermetallic 

(Hf, Co)-rich B2 matrix and disordered (Nb, Mo)-rich bcc particles was introduced. The B2 matrix showed rela- 

tively high dislocation mobility, which, coupled with its continuity, allowed bridging and blunting of the cracks 

formed in the hard bcc particles during plastic deformation. The complex deformation behavior of the constitutive 

phases resulted in extraordinary high strain hardening capacity at 22–600 °C, exceeding single- and multi-phase 

RHEAs, together with the high strength. Our work endows new opportunities to develop high-performance alloys 

for high-temperature applications. 
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. Introduction 

Refractory high entropy alloys (RHEAs), introduced in the pioneer-
ng works by Senkov et al. [ 1 , 2 ], revived the interest in refractory metals
s potential materials for next-generation gas turbine engines [3] . The
rstly reported NbMoTaW and VNbMoTaW RHEAs with single-phase
ody-centred cubic (bcc, A2) structures outperformed the state-of-art
ickel-based superalloys at T > 1000 °C and retained extraordinary
trength up to 1600 °C. Later, numerous RHEAs with promising proper-
ies have been presented [4] but, among them, the so-called Refractory
igh Entropy SuperAlloys (RHESAs) appealed to particular attention [ 5–
2 ]. These alloys usually belong to the Al-Mo-Nb-Ta-V-Ti-Zr system and
omprise coherent, nanosized, cuboid bcc and B2 (ordered bcc) phases,
imicking the 𝛾/ 𝛾 ’ structure of nickel-based superalloys. 

However, future RHESAs’ development based on the aforementioned
lloys’ system is impeded by several key factors. Firstly, most reported
HESAs consist of the B2 matrix and embedded bcc particles (B2 + bcc),
esulting in high strength albeit low ductility [ 7 , 8 ]. An "inverted" mi-
rostructure with the bcc matrix and B2 particles (bcc + B2) ensures more
alanced mechanical performance, but it is rarely observed in RHESAs
nd requires specific heat or thermomechanical treatment [ 6 , 8 , 13 ]. Sec-
ndly, the relatively low accuracy of the B2 phase’s description, com-
rising Al and refractory metal(s), in relevant binaries and ternaries
imits the efficiency of a CALPHAD (CALculation of PHAse Diagrams)
ethod in the RHESAs’ design [11] . Thirdly, the bcc + B2 microstruc-

ure can be unstable at temperatures of potential application: coarsen-
ng, dissolution, or disordering of (Al, Zr)-rich B2 particles and the pre-
ipitation of additional intermetallics occur at T > 600 °C [ 10 , 12 , 14 ].
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uch microstructure degradation is detrimental to mechanical proper-
ies [ 12 , 15 ]. 

The present study introduces an alternative design philosophy of the
cc/B2 RHEAs. Currently, the B2 phase is considered a hard yet brit-
le reinforcement of the softer bcc matrix. Meanwhile, it was reported
hat some B2 compounds could be ductile at ambient temperature [16] .
or example, polycrystalline Co-X (X = Ti, Zr, Hf) B2 phases demonstrate
mpressive room-temperature ductility even in tension, the positive tem-
erature dependence of the yield stress, and exceptional strengthening
uring loading [ 17–19 ]. Also, high melting points, especially of the CoHf
1640 °C), make these phases attractive for high-temperature applica-
ions [20] . However, due to the relatively low yield point of the Co-X
X = Ti, Zr, Hf) intermetallics [ 17 , 21 ], it would be interesting to gener-
te a dual-phase microstructure to benefit from additional strengthening
echanisms. Here, we present a new Nb 30 Mo 30 Hf 20 Co 20 (at.%) RHEA
ith good mechanical performance thanks to a combination of ductile
2 matrix and hard bcc particles. 

. Materials and methods 

A 20 g ingot of the alloy with a nominal composition of
b 30 Mo 30 Hf 20 Co 20 was produced by vacuum arc melting of pure ( ≥
9.9 wt. %) elements. The phase composition and microstructure of the
lloy were studied for the as-cast state using a RIGAKU diffractometer
nd Cu K 𝛼 radiation (XRD), an FEI Quanta 600 FEG scanning electron
icroscope (SEM), and JEOL JEM-2100 transmission electron micro-

cope (TEM) equipped with an energy-dispersive (EDS) detector. Data
n the actual chemical composition and impurities’ content are given in
able 1 . 
d. 
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Fig. 1. As-cast structure of the 

Nb 30 Mo 30 Hf 20 Co 20 alloy: (a) – XRD pat- 

tern with denoted Bragg’s peaks and the lattice 

parameters of the bcc and B2 phases; (b) –

TEM bright-field image with a selected area 

diffraction (SAED) pattern taken from the 

bcc/B2 interface and a schematic representa- 

tion showing "cube-on-cube" (110) bcc ||(110) B2 , 

(200) bcc ||(100) B2 , and (1 ̄1 0) bcc ||(1 ̄1 0) B2 ORs 

and lattice misfit, 𝛿, between the bcc and B2 

phases; (c) – SEM-BSE image illustrating a 

composite-like arrangement of the bcc and 

B2 phases; (d–g) – EDS maps presenting the 

distribution of Nb (d), Mo (e), Hf (f), and Co 

(g) among the constitutive phases. 

Table 1 

Actual chemical composition of the Nb 30 Mo 30 Hf 20 Co 20 alloy. The actual alloy’s 

composition given in at. % was measured by EDS analysis. The impurities’ (oxy- 

gen and nitrogen) content (given in ppm) was determined by inert gas fusion. 

Elements, at.% 

Oxygen 

content, 

ppm 

Nitrogen 

content, 

ppm 

Nb Mo Hf Co 

28.2 ± 0.9 30.3 ± 0.6 20.7 ± 0.7 20.8 ± 1.1 390 ± 15 30 ± 5 
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Table 2 

Chemical composition and volume fractions of the constitutive phases of the 

Nb 30 Mo 30 Hf 20 Co 20 alloy. 

Phase 

Volume 

fraction, % 

Elements, at.% 

Nb Mo Hf Co 

bcc 55 ± 2 36.0 ± 0.8 53.5 ± 2.1 8.4 ± 0.6 2.1 ± 0.7 

B2 45 ± 2 7.3 ± 0.5 3.3 ± 0.4 44.0 ± 1.4 45.4 ± 1.7 
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The phases’ volume fractions were measured by the areal analysis of
EM-BSE images using a Digimizer Image Analysis Software. 

For mechanical tests, rectangular samples measured 5 × 3 × 3 mm 

3 

ere used. The uniaxial compression tests were performed at 22, 600,
00, or 1000 °C in the air using an Instron 300LX test machine equipped
ith a radial furnace. The samples tested at 600, 800, or 1000 °C were
laced into the preheated furnace and held for ≈10 min to equilibrate
he temperature before testing. The samples’ temperature was controlled
y a thermocouple attached to a side surface of the specimen. The initial
train rate was 10 − 4 s − 1 . Testing was carried out to the fracture of the
pecimens or to 0.6 of true strain. Two additional compression tests at
00 °C to either ∼ 0.025 or ∼ 0.16 of true strain were conducted. The
ompressed specimens were cut in half, and their structures were studied
n a plane parallel to the compression axis. Note, no internal oxidation
f the specimens tested in the high-temperature regime was observed. 

. Results 

Fig. 1 collects XRD, TEM, and SEM-EDS data on the as-cast structure,
hile Table 2 summarizes the information on the chemical composition
2 
nd volume fractions of constitutive phases of the Nb 30 Mo 30 Hf 20 Co 20 

lloy. XRD pattern contained Bragg’s diffraction peaks belonging to
cc (prototype NbMo [22] ) and B2 (prototype HfCo [23] ) phases with
lose lattice parameters ( Fig. 1 (a)). TEM and SEM analysis coupled with
DS elemental maps revealed a composite-like microstructure ( Fig. 1 (b–
)), comprising predominantly round-shaped or elongated, primary and
mall secondary (Nb, Mo)-rich bcc particles embedded into a (Hf, Co)-
ich B2 matrix ( Table 2 ). 

"Cube-on-cube" (110) bcc ||(110) B2 , (200) bcc ||(100) B2 , and
1 ̄1 0) bcc ||(1 ̄1 0) B2 orientation relationships (ORs) between the bcc
nd B2 phases ( Fig. 1 (b)) were found by TEM investigations, which
ere consistent with previous data on bcc/B2 alloys, including refrac-

ory ones [ 5 , 12 , 24–26 ]. The obtained ORs were used for calculation of
he lattice misfit ( ̄𝛿) as per the Bramfitt theory [27] : 

̄ = 

3 ∑
𝑖 =1 

|||||
( 
𝑑 [ 𝑢𝑣𝑤 ] 𝑖 

𝑏𝑐𝑐 

cos 𝜃
) 
− 𝑑 [ 𝑢𝑣𝑤 ] 𝑖 

𝐵2 

|||||
𝑑 [ 𝑢𝑣𝑤 ] 𝑖 

𝐵2 

3 
× 100 % (1)
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Fig. 2. (a) Engineering stress – engineering 

strain and (b) true stress – true strain curves 

of the Nb 30 Mo 30 Hf 20 Co 20 alloy obtained during 

compression tests at 22–1000 °C; (c) Temper- 

ature dependence of strain hardening param- 

eter, Δϭ/ Δe , of the Nb 30 Mo 30 Hf 20 Co 20 alloy in 

comparison with some other RHEAs and refrac- 

tory C-3009 alloy listed in Supplementary ma- 

terial, Table S2. 

Table 3 

Mechanical properties (compression yield stress ( 𝜎y ), total engineering strain ( 𝜀 ), true stress at 0.05 of true 

strain ( 𝜎0.05 ), true peak stress ( 𝜎p ), total true strain ( e ), and the Δϭ/ Δe parameter) of the Nb 30 Mo 30 Hf 20 Co 20 

alloy at 22–1000 °C. 

Compression temperature,°C 𝜎y , MPa 𝜀 , % 𝜎0.05 , MPa 𝜎p , MPa e Δϭ/ Δe , MPa 

22 1180 ± 40 10 ± 1 1635 ± 50 1710 ± 70 0.11 ± 0.01 9479 ± 208 

600 1000 ± 25 30 ± 3 1520 ± 60 1750 ± 90 0.36 ± 0.03 10833 ± 729 

800 685 ± 20 35 ± 2 910 ± 35 935 ± 50 0.42 ± 0.02 4688 ± 313 

1000 370 ± 20 > 40 485 ± 30 490 ± 30 > 0.5 2396 ± 208 
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here [ uvw ] bcc and [ uvw ] B2 are Miller indices for the low-index crystal
irections of bcc and B2 phases, respectively; d [ uvw ]bcc and d [ uvw ]B2 are
he interatomic spacing along [ uvw ] bcc and [ uvw ] B2 , respectively; 𝜃 is
n angle between [ uvw ] bcc and [ uvw ] B2 . The calculation parameters are
isted in Supplementary material, Table S1. According to Eq. (1) , the
attice misfit between the bcc and B2 phases was found to be 𝛿= 2.061
, indicating a coherent nature of bcc/B2 interfaces [ 26 , 27 ]. 

Fig. 2 (a) illustrates engineering stress – engineering strain curves of
he as-cast Nb 30 Mo 30 Hf 20 Co 20 alloy obtained during compression tests
t 22–1000 °C; Table 3 assembles data on the alloy’s mechanical proper-
ies. The first-look evaluation of mechanical properties revealed a con-
entional, negative temperature dependence of the alloy’s yield stress
 𝜎y ) accompanied by increasing total engineering strain ( 𝜀 ). 

Meanwhile, the alloy showed a distinctive behavior after yielding.
he steep and extended strain hardening stage was observed in the true
tress – true strain curves at 22 and 600 °C ( Fig. 2 (b)). At 800–1000 °C,
he alloy experienced shorter and less pronounced strengthening, fol-
owed by softening (800 °C) or softening with steady-flow stages (1000
C) ( Fig. 2 (b), Table 3 ). We compared the temperature dependence of
train hardening parameter ( Δϭ/ Δe ) of the Nb Mo Hf Co alloy and
30 30 20 20 

3 
umerous single- [ 2 , 28–32 ] and multi-phase [ 15 , 33–37 ] RHEAs, and
efractory C-3009 alloy [38] ( Fig. 2 (c), Table 3 , Supplementary ma-
erial, Table S2). The Δϭ/ Δe parameter, calculated as Δϭ/ Δe = ( 𝜎0.05 

𝜎y )/(0.05–0.002), shows the average strain hardening rate between
.05 of true strain and the yield point ( e = 0.002). The used range seems
uitable for collating the post-yielding behavior of different RHEAs and
ther refractory alloys in terms of room-temperature ductility and high-
emperature softening resistance. The Nb 30 Mo 30 Hf 20 Co 20 alloy demon-
trated much higher Δϭ/ Δe values ( ∼ 10,000 MPa) in the interval of
2–600 °C in contrast to the selected counterparts. Yet, when approach-
ng T = 800–1000 °C, the Δϭ/ Δe parameter of the Nb 30 Mo 30 Hf 20 Co 20 

lloy declined rapidly, but it still outperformed all the multi-phase
HEAs and C-3009 alloy. Only several single-phase RHEAs, namely
bMoTaW, VNbMoTaW, TiNbMoTaW, TiVNbMoTaW, and WTaVCrTi,

howed greater Δϭ/ Δe values than the Nb 30 Mo 30 Hf 20 Co 20 alloy. No-
ably, most multi-phase and some single-phase RHEAs had negative
ϭ/ Δe values at T ≥ 600 °C indicating severe softening during plastic
eformation. 

To elucidate the nature of the unique mechanical behavior of the
b Mo Hf Co alloy, we performed a detailed investigation of the
30 30 20 20 
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Fig. 3. Structure of the Nb 30 Mo 30 Hf 20 Co 20 al- 

loy after compression at T = 600 °C to e ≈ 0.025 

(a,d), 0.16 (b,e), and 0.36 (c,f): (a–c) – TEM 

bright-field images; (d–f) – SEM-BSE images. 

For SEM-BSE images, the compression axis is 

vertical. 
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icrostructure evolution during compression at 600 °C ( Fig. 3 ). After a
mall strain ( e ≈ 0.025), dislocation slip-mediated plastic deformation
as developed within both the bcc and B2 phases ( Fig. 3 (a)). In contrast

o straight and randomly distributed mixed-type dislocations in the bcc
hase, a more complex dislocation arrangement was found in the B2
hase. Multiple dislocations tended to form parallel dislocation walls
DWs) located mostly perpendicular to the bcc/B2 interfaces (shown by
ellow arrows). Between these DWs, sporadic dislocation pile-ups and
ndividual dislocations were observed ( Fig. 3 (a)). 

At a higher strain ( e ≈ 0.16) closely corresponded to the true peak
tress ( Fig. 3 (b)), the formation of bands/lamellae (denoted with yel-
ow dotted lines) containing high dislocations density was observed
nside the B2 phase. In the bcc phase, the pile-ups accumulation
ear the bcc/B2 interfaces (denoted with pink arrow) adjusted to the
ands/lamellae location in the B2 phase should be noted. At the fracture
train ( e = 0.36) ( Fig. 3 (c)), transversal boundaries (denoted with bright
4 
lue dotted lines) were found within individual B2 bands/lamellae.
eantime, dislocation tangles/pile-ups inside the bcc phase propagated

rom one interphase boundary to another. 
On the macroscopic level, the early deformation stage was accompa-

ied by the nucleation of individual cracks inside the bcc particles near
he bcc/B2 interfaces ( Fig. 3 (d)). Further straining to e ≈ 0.16 led to
ridging, deflection, and blunting by the B2 phase of the cracks prop-
gated through the entire volume of the bcc particles ( Fig. 3 (e)). Anal-
sis of the specimen’s cross-section after fracture ( e = 0.36), slightly
way from the fracture surface, revealed the dominated cracking along
he bcc/B2 interfaces coupled with the multiple secondary cracking of
he bcc particles ( Fig. 3 (f)). Note, the B2 matrix, in the area of view,
emained almost free of cracks. Besides, no other than the B2 and bcc
hases appeared after plastic deformation at 600 ̊С ( Fig. 3 (f)) and 800 ̊С
Supplementary material, Fig. S1), suggesting relatively high phase sta-
ility of the Nb 30 Mo 30 Hf 20 Co 20 alloy. 
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Fig. 4. Scheme showing the microstructure 

evolution of the Nb 30 Mo 30 Hf 20 Co 20 alloy dur- 

ing compression at 600 °C to different plastic 

strains. 
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. Discussion 

One of the most interesting findings of our study is the exceptional
train hardening capacity of the Nb 30 Mo 30 Hf 20 Co 20 alloy at 22–600 °C
 Fig. 2 ). The origin of the unusual mechanical behavior stems from the
lloy’s structure, which can be rationalized by the CALPHAD (Supple-
entary material, Fig. S2). Thermodynamic modelling predicts the sep-

ration of (Nb, Mo)-rich and (Hf, Co)-rich liquids, further solidifying
hrough the bcc and B2 phases, respectively. Liquid phase separation
LPS) is a common phenomenon in HEAs that induces a composite-like
tructure formation [39] . Traditionally, LPS results from the elements
ith positive mixing enthalpy [40] , but a recent study shows the oc-

urrence of LPS due to higher negative mixing enthalpy between some
omponents [41] . It can be speculated that the Nb 30 Mo 30 Hf 20 Co 20 alloy
ombines both features leading to LPS. Indeed, Nb and Hf are a sole pair
aving repulsive interaction, while Hf and Co demonstrate the highest
ffinity to each other (Supplementary material, Table S3). Such a com-
lex interplay between the constitutive elements can create the liquid
iscibility gap, alleviating the crystallization of the refractory (Nb, Mo)-

ich bcc particles. In turn, due to low 𝛿, the bcc particles are expected
o act as effective sites [27] for heterogeneous nucleation of the con-
inuous (Hf, Co)-rich B2 phase with a temperature decrease. It should
lso be noted that the CALPHAD gives accurate qualitative and quanti-
ative predictions of the Nb 30 Mo 30 Hf 20 Co 20 alloy’s phase composition,
emonstrating the potential applicability of this method to search for
ew alloys with tailored bcc/B2 phase fractions’ ratio. 

Most multi-phase RHEAs show a sharp strain hardening-softening
hump" in the stress-strain curve after yielding during high-temperature
eformation [ 7 , 13 , 15 , 33 –37 , 42 , 43 ], indicating the thermal activation
f plastic deformation in the hard phase, the occurrence of dynamic
ecrystallization, and/or phase transformations [ 7 , 13 , 15 , 42 , 43 ]. In the
b 30 Mo 30 Hf 20 Co 20 alloy, the deformation behavior at 600 °C is differ-
nt. Both phases start to deform simultaneously after the yield point, but
he B2 matrix demonstrates higher dislocation mobility than the bcc par-
icles ( Fig. 4 (a)). Relatively ease dislocation slip in the B2 phase leads to
n intensive bands/lamella formation, accompanied by constant disloca-
ion multiplication, with a strain increment ( Fig. 4 (b,c)). This allows for
ccommodating large plastic deformation without compromising strain
ardening. Meantime, the confined dislocation rearrangement within
he bcc particles results in the pile-ups accumulation near the bcc/B2
nterfaces, contributing to the further rising of long-range stress fields
nd, simultaneously, to inevitable cracking ( Fig. 4 (a,b)). The continuous
ature of the B2 phase helps bridge and blunt the cracks [44] , extend-
ng the strain hardening stage. However, although the bcc and B2 phase
ave a good crystallographic match ( Fig. 1 (b)), maintaining strain com-
atibility between them is problematic at large strains because of differ-
5 
nt hardness and elastic moduli (Supplementary material, Fig. S3). Note,
ven in this case, the B2 matrix can deflect the cracks to some extent. It
hould also be mentioned that the bcc particles’ cracking could hardly be
ssociated with the contamination during the high-temperature test in
ir, as the oxygen (502 ± 35 ppm) and nitrogen (47 ± 20 ppm) contents
f the specimens compressed at 600 °C were comparable with initial
nes ( Table 1 ). 

The anomalous ductility of the Co-X (Ti, Zr, Hf) B2 phases is not
urprising but still argued [19] . Being highly ordered compounds, they
how primary < 100 > slip mode, not satisfying the well-known von
ises criterion required five independent slip systems [45] . Particularly,
oshida and Takasugi [46] reported that plastic deformation in the CoHf
ompound at 22–800 °C was dominated by the glide of < 100 > disloca-
ions. Meantime, recent studies on CoTi and CoZr B2 phases demon-
trated the possibility of "hard" < 011 > or < 111 > slip modes at higher
trains [ 21 , 47 ], thus providing a plausible explanation for the inher-
nt ductility of these intermetallics. To clarify this moment in the case
f the Nb 30 Mo 30 Hf 20 Co 20 alloy, we performed a more detailed TEM
nalysis after compression to e ≈ 0.025 (Supplementary material, Fig.
4) and revealed the presence of numerous dislocations with < 011 >
r/and < 111 > Burgers vectors in the B2 matrix. Activating such "hard"
lip modes can stem from the relaxation of long-range back-stresses
19] caused by the rigid bcc particles. In turn, supersaturation with Nb
nd Mo ( Table 2 ) is assumed to be another reason for the invoking of
 011 > or/and < 111 > dislocations. It can be speculated that Nb and
o atoms change the lattice anisotropy, thereby equalizing the elas-

ic strain energy for primary < 100 > and secondary < 111 > (or < 011 > )
lip. However, further in-depth studies are highly needed to elucidate
he fundamentals of the B2 phase’ ductility. 

To put the obtained results in a broader context, "soft solid solution
atrix with hard intermetallic precipitates" is a common design philoso-
hy for high-performance metallic alloys [48] . The current study, how-
ver, revealed that a combination of a ductile intermetallic matrix with
ard disordered reinforcements could also be a viable option, especially
or high-temperature materials. Moreover, the vast compositional space
f HEAs allows adjusting of the properties of both intermetallic matrix
nd disordered particles. For example, recent studies have demonstrated
ow the elemental distribution and short-range order can be tailored to
mprove the mechanical behavior of fcc HEAs [ 49 , 50 ]. Also, superior
echanical properties of a precipitation-hardened HEA were ascribed

o multicomponent nanoparticles combining strength and ductility [51] .
iven the enormous number of possible B2 compounds and their homo-
eneity range in multicomponent alloys [11] , the characteristics of the
2 matrix can likely be modified to get a required strength-ductility
alance. Proper alloying and (probably) processing are expected to pro-
ide an optimal amount and distribution of the strengthening phases,
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hus opening another option to control the mechanical performance of
uture (R)HEAs with the B2 matrix. 

. Conclusion 

In summary, we introduced the Nb 30 Mo 30 Hf 20 Co 20 alloy with the
omposite-like microstructure consisting of the ordered (Hf, Co)-rich
2 matrix and disordered (Nb, Mo)-rich bcc particles. The alloy showed
utstanding strain hardening capacity at 22–600 °C, surpassing the cur-
ently reported refractory high entropy alloys. The decent mechanical
erformance of the alloy stemmed from the much higher ductility of the
ntermetallic B2 matrix than the disordered bcc particles. Ease disloca-
ion glide and deformation-induced substructure formation with contin-
ous dislocation multiplication in the B2 matrix together with its con-
inuity confined the cracking of the hard bcc particles, thus preventing
remature fracture and promoting strain hardening stage. This study al-
ers the traditional roles of disordered (matrix) and ordered (particles)
hases in precipitation-strengthened metallic alloys developed for high-
emperature applications. 
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