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a b s t r a c t 

Eutectic alloys are natural in-situ composites with near-equilibrium structures, impressive strength-ductility trade- 
off, and perfect castability. In the current study, novel eutectic Al-Cr-Nb-Ti-Zr refractory high entropy alloys 
(RHEAs) were designed using a CALPHAD (CALculation of PHAse Diagrams) approach. A starting Nb 30 Ti 40 Zr 30 
(at.%) alloy was based on a single-phase bcc solid solution. Alloying with Cr and Al induced the formation of hy- 
poeutectic (Cr 20 Nb 30 Ti 40 Zr 10 , Al 15 Cr 20 Nb 15 Ti 40 Zr 10 , Al 23 Cr 20 Nb 15 Ti 32 Zr 10 ), eutectic (Al 28 Cr 20 Nb 15 Ti 27 Zr 10 ), and 
hypereutectic (Al 33 Cr 20 Nb 15 Ti 22 Zr 10 ) structures due to the Laves phase precipitation. Al additions also resulted in 
the B2 ordering of the bcc phase and changing the Laves phase polytype from C15 (fcc) to C14 (hcp). A transfer 
from the single-phase to eutectic microstructure, connected with the Laves phase amount’s growth, increased 
the alloys’ compressive strength and the brittle-to-ductile transition temperature pronouncedly. Quantitative re- 
lationships between the Laves phase’s volume fraction and the alloys’ yield strength at different temperatures 
were established. Detailed analysis of eutectic alloy after plastic deformation at 800 °C demonstrated the sta- 
bility of a lamellar B2/C14 Laves phase microstructure due to saving an initial orientation relationship (OR) of 
(011) B2 ||(10 ̄1 3) C14 , [1 ̄1 1] B2 ||[3 ̄3 0 ̄1 ] C14 ensuring a small lattice mismatch. The precipitation of a new phase with 
a D0 19 structure having the (011) B2 ||(10 ̄1 3) C14 ||(0 ̄2 21) D019 OR was also revealed. The obtained findings demon- 
strate new approaches to design RHEAs with (nearly) eutectic structures and a promising balance of mechanical 
characteristics. 
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. Introduction 

High entropy alloys (HEAs) offer a new paradigm to design metal-
ic alloys with salient properties [1–3] . Unlike traditional alloys, HEAs
re usually comprised of five or more elements taken in nearly
quiatomic concentrations. The need for equal fractions of each com-
onent stemmed from an idea of maximizing the mixing entropy to
uppress the intermetallics’ formation [1] . However, the role of mix-
ng entropy on HEAs’ phase composition remains debatable [2] , while
he initially undesirable intermetallics are found to be often useful in
erms of mechanical properties [4] . 

The strength of many HEAs can be enhanced without a noticeable re-
uction in ductility through controllable precipitation of second-phase
articles [5–9] . In this regard, eutectic HEAs (EHEAs) emerged as a
romising way to achieve balanced properties [10–12] . EHEAs can be
onsidered as natural, self-organized in situ composites due to a fine
amellar/rod-like structure formed already in the as-cast state. Such a
tructure takes advantage of each phase, for instance, the high ductility
f an fcc phase and the strength of a B2 phase [ 13 , 14 ]. Many efforts
ave been devoted to designing, microstructure, and mechanical prop-
rties investigations of EHEAs based on 3d transition metals [14–26] .
hese alloys generally have fcc or L1 phase as a "soft" phase and B2,
2 
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, Laves, or other intermetallic phases as a "hard" reinforcement. In
ddition, thermomechanical processing was found to be a prospective
ethod to enable a better strength-ductility combination in EHEAs [27–
9] . 

Meanwhile, a similar microstructure constitution is rarely found in
EAs based on refractory elements (RHEAs). RHEAs, predominantly
omposed of bcc solid solutions with the probable presence of secondary
hases, are known for their high compressive strength at elevated tem-
eratures but mostly have limited room-temperature ductility. RHEAs
re appraised as promising materials for future gas turbine engines
 30 , 31 ]. Implementing the EHEA philosophy seems to be an attractive
ption to improve the RHEAs’ performance in many ways. The eutectic
icrostructure can enhance creep resistance or even ductility if a proper

ombination of phases with the required properties is found. Also, the
ood castability of eutectic alloys should eliminate the elemental segre-
ations and hasten the real industrial application of RHEAs. 

Recently, Wei et al. [32] explored the possibility of eutectic compos-
tes obtaining in a MoNbRe 0.5 TaW(TiC) x RHEA system. It was found that
 MoNbRe 0.5 TaW(TiC) 1.0 alloy with a eutectic structure consisted of a
cc solid solution and an fcc multicomponent carbide had high compres-
ive yield strength (1496 ± 17 MPa) and peak strength (1943 ± 13 MPa)
ith reasonable plasticity at ambient temperature. The alloy was sup-
d. 

https://doi.org/10.1016/j.mtla.2021.101057
http://www.ScienceDirect.com
http://www.elsevier.com/locate/mtla
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2021.101057&domain=pdf
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osed to benefit from the synergistic effect of second-phase and in-
erphase strengthening. In turn, Zhu et al. [33] showed that Al pro-
otes different types of eutectic microstructures composed of bcc and

aves phases in lightweight Al x CrNbTiZr alloys. With an increase in Al
ontent, the structure evolved from hypoeutectic to eutectic and hy-
ereutectic. Unexpectedly, the room-temperature mechanical proper-
ies, namely compressive strength and fracture strain, of the eutectic
l 0.75 CrNbTiZr alloy were inferior to the rest of the alloys. 

Unfortunately, many issues related to the eutectic RHEAs’ (ERHEAs’)
evelopment remain insufficiently studied. For example, there is no es-
ablished strategy for the robust identification of such alloys. Several
mpirical methods have been proposed and efficiently applied for the
HEAs based on 3d transition metals, namely the mixing enthalpy [34] ,
imple mixture [35] , and pseudo-binary [36] methods. A CALPHAD
CALculation of PHAse Diagrams) approach has also been successfully
sed to identify EHEAs [ 21 , 25 , 37 ]. The CALPHAD allows obtaining a
ualitative understanding of the alloys’ phase formation compared to
he empirical methods listed above. Moreover, the CALPHAD is widely
onsidered as a pivotal instrument to accelerate the development of
R)HEAs, in particular, for high-temperature applications [38–42] . 

Additionally, many questions arise about the structure-property re-
ationships in multiphase RHEAs. For instance, the contribution of in-
ividual phases to mechanical properties and the effect of their mor-
hology and fraction remain unclear. Also, the microstructure evolution
uring plastic straining and associated deformation mechanisms were
ever studied in detail. Therefore, in the present work, three main aims
ere pursued: (i) to design a palette of RHEAs with different structures

eutectic, hypo-, and hypereutectic) using the CALPHAD method; (ii) to
stablish links between the structure and mechanical properties of the
lloys, and (iii) to investigate the microstructure evolution and defor-
ation mechanisms in a eutectic or near-eutectic RHEA(s). 

. Alloy design 

A previous study [43] examined a lightweight
l 20 Cr 10 Nb 15 Ti 20 V 25 Zr 10 alloy with a composite-like hypoeutectic
icrostructure formed by a proeutectic B2 phase and a eutecti с
2 + C14 Laves phase mixture. This alloy was found to exhibit high
trength at 800 ̊С . Moreover, the Scheil model [43] correctly predicted
he as-cast structure of this RHEA. Therefore, we attempted to find a
ully eutectic B2 + C14 Laves phase alloy in a simpler Al-Cr-Nb-Ti-Zr
ystem by analyzing both equilibrium and non-equilibrium phase
iagrams produced by the CALPHAD method. 

The design strategy included several steps. Firstly, we searched for
 single-phase bcc alloy with presumably high room-temperature duc-
ility that would serve as a basis for further alloy development. Among
ossible equiatomic or near-equiatomic compositions in the Al-Cr-Nb-
i-Zr system, the NbTiZr ternaries appeared to be the most promising
ption according to the literature data [ 41 , 44 , 45 ]. Both the equilib-
ium phase diagram and the non-equilibrium Scheil solidification path
 Fig. 1 a, b ) (produced by a Thermo-Calc (version 2020a) software and
 TCHEA3 (high-entropy alloys) database) suggested a single bcc phase
n a Nb 30 Ti 40 Zr 30 (at.%) alloy. This composition was chosen as a start-
ng point for producing a eutectic alloy with the B2 + C14 Laves phase
tructure by subsequent doping. 

The second step was associated with obtaining an alloy with a dual-
hase bcc + Laves phase structure. It is known that Cr is one of the
trongest Laves phase-forming elements in the Al-Cr-Nb-Ti-(V)-Zr sys-
em [ 41 , 46–49 ]; therefore, a Cr x Nb 30 Ti 40 Zr 30-x quasi-binary phase di-
gram was constructed ( Fig. 1 c ). According to the diagram, an addi-
ion of Cr should result in the appearance of a C15 (fcc) Laves phase
nriched with Cr and Zr. The solvus temperature of the Laves phase in-
reased with the Cr content. At ~15 at.% of Cr, the C15 Laves phase
olvus became equal to the alloy’s solidus temperature. We chose a
r 20 Nb 30 Ti 40 Zr 10 alloy with a presumably dual-phase as-cast structure
omposed of the bcc and C15 Laves phases. The Scheil solidification
2 
ath ( Fig. 1 d ) predicted that the Cr 20 Nb 30 Ti 40 Zr 10 alloy should have a
ypoeutectic structure with the proeutectic bcc phase. 

At the third step, we added Al to the quaternary Cr-Nb-Ti-Zr alloy.
any studies have revealed that Al effectively decreases density and

imultaneously increases strength and oxidation resistance of RHEAs
50–54] . In terms of the phase composition, the Al addition may (i)
ransform the bcc phase into the ordered B2 phase and (ii) change the
olytype of the Laves phase from C15 (fcc) to C14 (hcp) [ 52 , 55–58 ].
lso, Al can promote the eutectic reaction in the Al-Cr-Nb-Ti-Zr system
33] . Therefore, an Al x Cr 20 Nb 30-x Ti 40 Zr 10 quasi-binary phase diagram
as constructed ( Fig. 1 e ). The diagram showed that a systematic sub-

titution of Nb with Al led to an appearance of the C14 Laves phase
nriched with Al, Cr, and Zr. The Laves phase’s solvus temperature rose
ith the Al addition and reached the maximum at ~ 15 at.% of Al.
lso, a gradual increase in both liquidus and solidus temperatures was
xpected. However, no eutectic reaction could be observed; crystalliza-
ion should start through a single bcc phase. Nevertheless, we chose
n Al 15 Cr 20 Nb 15 Ti 40 Zr 10 alloy with the highest temperature of the C14
aves phase solvus and presumably hypoeutectic structure (according to
he Scheil model ( Fig. 1 f )). Note that commercial CALPHAD databases
annot correctly predict the bcc-B2 transition in RHEAs [ 43 , 59–61 ],
et the available literature data suggest the possible B2 ordering in the
l 15 Cr 20 Nb 15 Ti 40 Zr 10 alloy. 

Finally, we have tried to find a eutectic-like reaction in the Al-Cr-
b-Ti-Zr system. It was revealed that a partial replacement of Ti with Al
ould be a suitable variant. For example, an Al 15 + x Cr 20 Nb 15 Ti 40-x Zr 10 
uasi-binary phase diagram is shown in Fig. 2 a . An increase in the Al
and decrease in Ti) content should transform a hypoeutectic struc-
ure to eutectic and hypereutectic ones. According to the diagram,
he eutectic point was located at x ≈ 13 at.% of Al and corre-
ponded to an Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy. The Scheil solidification
odel ( Fig. 2 b ) predicted almost concurrent crystallization of the bcc

B2) and C14 Laves phases in the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy. Also,
he Al 23 Cr 20 Nb 15 Ti 32 Zr 10 and Al 33 Cr 20 Nb 15 Ti 22 Zr 10 alloys with hypo-
nd hypereutectic structures, respectively, were selected for exper-
mental examination ( Fig. 2 a ). Analysis of the Scheil solidification
ath suggested primary crystallization of the bcc (B2) phase in the
l 23 Cr 20 Nb 15 Ti 32 Zr 10 alloy ( Fig. 2 c ) and the C14 Laves phase in the
l 33 Cr 20 Nb 15 Ti 22 Zr 10 alloy ( Fig. 2 d ). 

. Materials and methods 

The ingots of the alloys with nominal compositions of Nb 30 Ti 40 Zr 30 ,
r 20 Nb 30 Ti 40 Zr 10 , Al 15 Cr 20 Nb 15 Ti 40 Zr 10 , Al 23 Cr 20 Nb 15 Ti 32 Zr 10 ,
l 28 Cr 20 Nb 15 Ti 27 Zr 10 , and Al 33 Cr 20 Nb 15 Ti 22 Zr 10 (at.%) were pro-
uced by vacuum arc melting of pure ( ≥ 99.9 wt.%) elements. The
acrostructure of the produced ingots is presented in Supplementary

nformation ( Fig. S1 ). Specimens for microstructure observations and
echanical testing were cut from the central part of the ingots by an

lectric discharge machine. 
The phase composition and microstructure of the alloys were stud-

ed for the as-cast state using X-ray diffraction (XRD), scanning electron
icroscopy (SEM), and transmission electron microscopy (TEM). Sam-
les for XRD and SEM analysis were prepared by careful mechanical
olishing. XRD analysis was performed using a RIGAKU diffractome-
er and Cu K 𝛼 radiation with the wavelength of 1.5406 Å; a scanning
ate and scanning interval were 3°/min and 20–100 °, respectively. SEM
nvestigations were carried out on an FEI Quanta 200 3D or a Nova
anoSEM 450 microscopes equipped with an energy-dispersive (EDS)
etector. EBSD was conducted using an FEI Nova NanoSEM 450 FEG
EM equipped with a Hikari EBSD detector and a TSL OIM 

TM system
ersion 6.0. This software was used to generate inverse pole figures
IPF) and phase maps. On the presented IPF map, the high angle bound-
ries (HABs) are indicated with black lines, while white lines denote the
ow angle boundaries (LABs). The bcc/B2 and C15/C14 Laves phases
re shown in the presented phase maps with red and green colors, re-
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Fig. 1. Equilibrium phase diagram (a) and Scheil solidification path (b) of the Nb 30 Ti 40 Zr 30 alloy; quasi-binary phase diagram Cr x Nb 30 Ti 40 Zr 30-x (c) and Scheil 
solidification path (d) of the Cr 20 Nb 30 Ti 40 Zr 10 alloy; quasi-binary Al x Cr 20 Nb 30-x Ti 40 Zr 10 phase diagram (e) and Scheil solidification path (f) of the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 
alloy. 
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pectively. All the EBSD maps are shown in the as-obtained conditions
ithout any additional cleanup procedures. The volume fractions of dif-

erent phases were measured by the areal analysis of SEM-BSE images
nd EBSD phase maps using a Digimizer Image Analysis Software. The
ifference between the fractions of the phases measured using SEM-BSE
nd EBSD data for the same alloys and conditions was < 2%; data ob-
ained by these two methods were averaged. Mechanically pre-thinned
o 100 𝜇m foils were prepared for TEM analysis by conventional twin-jet
lectro-polishing at − 35 °C and an applied voltage of 29.5 V in a mixture
f 600 ml of methanol, 360 ml of butanol, and 60 ml of perchloric acid.
EM investigations were performed using a JEOL JEM-2100 microscope
quipped with an EDS detector at an accelerating voltage of 200 kV. 
3 
The densities of the alloys were determined by the hydrostatic weigh-
ng method. The density of the (Cr)-Nb-Ti-Zr alloys was measured to be
.37–6.44 g/cm 

3 . The Al-containing alloys showed a significantly lower
ensity of 5.23–5.55 g/cm 

3 . The detailed information can be found in
upplementary information ( Fig. S2a ). 

Isothermal compression of rectangular samples measured
 × 4 × 4 mm 

3 was carried out at 22, 600, 700, 800, or 1000 °C
n the air using an Instron 300LX test machine equipped with a radial
urnace. The samples tested at 600, 700, 800, or 1000 °C were placed
nto the preheated furnace and held for ≈10 min to equilibrate the
emperature before testing. The samples’ temperature was controlled
y a thermocouple attached to a side surface of the specimen. The
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Fig. 1. Continued 
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Table 1 

Chemical compositions of structural constituents of the Al-Cr-Nb-Ti-Zr alloys. 

Element, а t.% Al Cr Nb Ti Zr 
Volume 
fraction,% 

Nb 30 Ti 40 Zr 30 

Grains – – 30.1 40.0 29.9 –

Alloy 

composition 

– – 30.0 40.1 29.9 –

Cr 20 Nb 30 Ti 40 Zr 10 

bcc phase – 17.0 33.2 40.4 9.4 87 

C15 Laves 

phase 

– 41.9 14.3 26.7 17.1 13 

Alloy 

composition 

– 20.7 27.4 40.3 11.6 –

Al 15 Cr 20 Nb 15 Ti 40 Zr 10 

B2 phase 14.0 16.0 17.7 44.9 7.4 69 

C14 Laves 

phase 

15.6 27.1 10.4 30.8 16.1 31 

Alloy 

composition 

14.8 20.2 15.1 39.6 10.3 –

Al 23 Cr 20 Nb 15 Ti 32 Zr 10 

B2 phase 20.1 15.2 18.6 39.9 6.2 52 

C14 Laves 

phase 

23.7 28.2 9.7 20.8 17.6 48 

Alloy 

composition 

21.6 20.8 15.2 32.3 10.1 –

Al 28 Cr 20 Nb 15 Ti 27 Zr 10 

B2 phase 25.4 14.6 16.2 36.8 7.0 43 

C14 Laves 

phase 

31.8 31.3 9.4 13.1 14.4 57 

Alloy 

composition 

26.6 20.5 15.3 27.4 10.2 –

Al 33 Cr 20 Nb 15 Ti 22 Zr 10 

B2 phase 29.2 14.4 17.1 33.5 5.8 34 

C14 Laves 

phase 

32.1 28.0 13.9 12.5 13.5 66 

Alloy 

composition 

30.8 20.9 15.4 22.7 10.2 –

B  

T  

S  

l  
nitial strain rate was 10 − 4 s − 1 . Testing was carried out to the fracture
f the specimens or to 50% of strain. 

For the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy, two additional compression
ests at 800 °C were conducted. The alloy’s samples were compressed
o either 𝜀 ≈0.6 or 11.2% of strain. To arrest the structure after com-
ression, the samples were quenched in water immediately after the
est termination. The compressed to 𝜀 ≈0.6, 11.2, or 50% samples of the
l 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy were cut in half, and their structures were
tudied on a plane parallel to the compression axis. 

The Nb 30 Ti 40 Zr 30 alloy was additionally tested under tension
t room temperature. Specimens with the gauge dimensions of
 × 3 × 1 mm 

3 were used for mechanical tests under tension at an initial
train rate of 10 − 4 s − 1 to fracture. Elongation to fracture was determined
y the measurements of spacing between marks designating the gauge
ength before and after the test. 

The Vickers microhardness, HV, was measured on polished cross-
ection surfaces of the as-cast specimens using a 136° Vickers di-
mond pyramid under a 300 g load applied for 15 s. Each data
oint represented an average of at least ten individual measurements.
he detailed information can be found in Supplementary information
 Fig. S2b ). 

. Results 

.1. Microstructure and phase composition 

SEM-EBSD analysis showed that the single-phase bcc Nb 30 Ti 40 Zr 30 
lloy possessed a microstructure with coarse (~150 𝜇m) polygonal
rains without any visible chemical heterogeneity ( Fig. 3 a, b ; Table 1 ).
ome fine (few tens of microns) grains, mostly in the larger grains’ triple
unctions, were observed. The microstructure of the Cr 20 Nb 30 Ti 40 Zr 10 
lloy was presented by a primary bcc matrix and a eutectic mixture of
he C15 Laves and bcc phases ( Fig. 3 c, d ). The eutectic regions were
redominantly located in the interdendritic areas ( Fig. 3 c ). EDS anal-
sis showed enrichment of the C15 Laves phase with Cr and Zr, whilst
he bcc phase was enriched with Nb ( Table 1 ). The amount of the Laves
hase was 13%. 

In turn, both the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 and Al 23 Cr 20 Nb 15 Ti 32 Zr 10 
lloys exhibited typical hypoeutectic microstructures with a proeutectic
4 
2 phase and a eutectic mixture of C14 Laves and B2 phases ( Fig. 4 a–d ).
he B2 ordering was revealed by XRD analysis (see Fig. S3 and Table

1 in Supplementary information). An almost continuous Laves phase
ayer separated the eutectic regions with a lamellar structure and the
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Fig. 2. Quasi-binary phase diagrams of the Al 15 + x Cr 20 Nb 15 Ti 40-x Zr 10 (a) and Scheil solidification paths (b–d) of the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 (b), hypoeutectic 
Al 23 Cr 20 Nb 15 Ti 32 Zr 10 (c), and hypereutectic Al 33 Cr 20 Nb 15 Ti 22 Zr 10 (d) alloys. 
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roeutectic B2 phase. The Laves phase was enriched with Cr and Zr,
hile the B2 phase was enriched with Nb and Ti ( Table 1 ). The con-

entrations of Al in both phases were very close. The volume fractions
f the Laves phase were 31% and 48% in the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 and
l 23 Cr 20 Nb 15 Ti 32 Zr 10 alloys, respectively. In the Al 23 Cr 20 Nb 15 Ti 32 Zr 10 
lloy, some globular B2/C14 Laves phase particles were also observed
nside the eutectic regions ( Fig. 4 c, d ). 

The Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy had a typical eutectic microstruc-
ure ( Fig. 5 a, b ) consisting of the B2 matrix with lamellar precipita-
ions of the C14 Laves phase (due to which the B2 phase often had a
amellar-like morphology as well). The C14 Laves phase volume frac-
ion was 57% ( Table 1 ). On the boundaries of the eutectic cells, some
5 
pherical B2/C14 Laves phase particles were observed. The elemental
istributions between the constitutive phases were similar to those in
he previous alloys, except for the slight partitioning of Al to the Laves
hase. 

For a more in-depth study of the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 al-
oy, TEM was used ( Fig. 5 c ). TEM examination confirmed the B2/C14
aves phase eutectic structure with an average interlamellar spacing
f ~ 200 nm. The following orientation relationship (OR) between
he B2 and C14 Laves phases was determined: (011) B2 ||(10 ̄1 3) C14 and
1 ̄1 1] B2 ||[3 ̄3 0 ̄1 ] C14 

To the authors’ best knowledge, such OR has never been reported
p to date. Meantime, any typical ORs between the bcc and hcp phases,
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Fig. 3. Microstructures of the Nb 30 Ti 40 Zr 30 (a, b) and Cr 20 Nb 30 Ti 40 Zr 10 (c, d) alloys: a, c – SEM-BSE images; b – EBSD inverse pole figure map; d – EBSD phase map. 
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ike Burgers, Potter, or Pitsch-Schrader [62] , were absent in the eutectic
lloy. 

Finally, the Al 33 Cr 20 Nb 15 Ti 22 Zr 10 alloy possessed a hypereutectic
icrostructure with the proeutectic C14 Laves phase domains embedded

nto the eutectic C14 Laves + B2 phase matrix ( Fig. 5 d, e ). The amount
f the Laves phase in the alloy was 66%. The B2 phase was enriched
ith Nb and Ti, while the C14 Laves phase – with Cr and Zr; Al was
istributed between the phases almost equally. 

.2. Mechanical properties 

To establish temperature dependencies of the alloys’ strength and
uctility, we used compression tests at 22–1000 °C ( Fig. 6 ). Mechanical
roperties obtained during compression were summarized in Table 2 . 

At 22 °C, the Nb 30 Ti 40 Zr 30 alloy exhibited a combination of mod-
st yield strength (675 MPa), excellent compressive ductility ( > 50%),
nd pronounced strain hardening capacity ( Fig. 6 a; Table 2 ). The
r 20 Nb 30 Ti 40 Zr 10 alloy demonstrated higher strength (1005 MPa)
nd strain hardening capacity but much lower compressive duc-
ility (10.9%). The Al 15 Cr 20 Nb 15 Ti 40 Zr 10 alloy was the strongest
 > 1700 MPa) among the alloys. Also, the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 
lloy was the only alloy among the Al-containing counterparts,
hich showed some room-temperature compressive ductility (~4%).
6 
eanwhile, the Al 23 Cr 20 Nb 15 Ti 32 Zr 10 , Al 28 Cr 20 Nb 15 Ti 27 Zr 10 , and
l 33 Cr 20 Nb 15 Ti 22 Zr 10 alloys were fractured in the elastic region. 

The temperature rising to 600–1000 °C resulted in a gradual decrease
n strength and increased compressive ductility ( Fig. 6 b-e; Table 2 ).
owever, the Al content’s enlargement shifted the ductilization tem-
erature to higher values. Specifically, the Al 23 Cr 20 Nb 15 Ti 32 Zr 10 al-
oy became ductile at only 700 °C, the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy –
t 800 °C, and the Al 33 Cr 20 Nb 15 Ti 22 Zr 10 alloy – at 1000 °C. Corre-
pondingly, a higher Al content led to enhanced strength at elevated
emperature, except for T = 1000 °C, when the Nb 30 Ti 40 Zr 30 became
tronger than the Cr 20 Nb 30 Ti 40 Zr 10 , Al 15 Cr 20 Nb 15 Ti 40 Zr 10 , and even
l 23 Cr 20 Nb 15 Ti 32 Zr 10 alloys. Some modifications in the alloys’ mechan-

cal behavior with the temperature increase should also be noted. Almost
ll alloys demonstrated a curve with short strengthening and softening
tages, followed by a prolonged nearly steady-state flow stage. 

.3. Microstructure after compression 

To gain more insights into the mechanical behavior of the eutec-
ic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy, we examined its microstructure after
ifferent strains at 800 °C ( Fig. 7 a ). According to SEM analysis, both
fter compression to 𝜀 ≈ 0.6 and 11.2% of height reduction (which
orresponded to the strain hardening or softening stages, respectively,
n Fig. 7 a ), no visible changes in the alloy’s structure were detected
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Fig. 4. Microstructures of the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 (a, b) and Al 23 Cr 20 Nb 15 Ti 32 Zr 10 (c, d): a, c – SEM-BSE images; b, d – EBSD phase maps. 
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 Fig. 7 b, c ). The alloy retained the lamellar morphology (the B2 ma-
rix sliced by the C14 Laves phase lamellae) even after 𝜀 ≈50%; how-
ver, the lamellae were often bent and/or reoriented along the metal
ow direction ( Fig. 7 d ). No evident signs of dynamic recrystallization
r glodularization were found. However, profuse precipitation of tiny
articles inside the B2 matrix should be noted. 

TEM bright-field image of the specimen compressed to 𝜀 ≈ 0.6% re-
ealed individual dislocations within the B2 phase, while no signs of
eformation activity were observed inside the Laves phase ( Fig. 8 a ).
he characteristic fringe contrast was seen in the B2/C14 interphases
uggesting a good match between the phases. Also, the formation of an
rdered hcp (D0 19 ) phase particles (visible as dark and white particles
n Fig. 8 a and b , respectively) was detected. The D0 19 particles had
n irregular shape and precipitated inside the B2 phase adjacent to the
2/C14 interfaces preferentially. According to EDS analysis, the D0 19 
articles were enriched with Ti and Nb but depleted of Cr and Zr; their
hemical composition could be expressed as Al 28 Cr 5 Nb 18 Ti 45 Zr 4. The
olume fraction of the D0 19 phase was estimated to be ~3%. 

Both the B2 and C14 Laves phases were involved in plastic defor-
ation after compression to a higher strain of 𝜀 ≈ 11.2% ( Fig. 8 c ).
he increased dislocation density was observed in the B2 phase lamel-

ae; at the same time, high-density planar defects emerged in the C14
aves phase. The volume fraction, shape, and chemical composition of
7 
he D0 19 particles were not noticeably changed due to the compression
train increment from 0.6% to 11.2% ( Fig. 8 d ). 

After 50% of height reduction ( Fig. 8 e ), the intense substructure for-
ation presented by dense dislocation walls and arrays was observed in

he B2 phase. Nevertheless, the B2 phase retained its ordered state, as
onfirmed by the {100} superlattice spots in a [001] zone axis in the
elected area diffraction pattern (insert in Fig. 8 e ). Plastic deformation
f the C14 Laves phase at this level of strain was accompanied by the
ppearance of multiple transversal microbands and the corresponding
amellae bending. For the bent areas, serrations on the B2/C14 inter-
aces should be noted. Meanwhile, the D0 19 phase evolved into rela-
ively large needle-shaped intersecting particles ( Fig. 8 f ). The D0 19 nee-
les propagated across the B2 interlayers from one B2/C14 interphase
o another; however, these particles were not observed in the Laves
hase. A triple OR between the B2, C14 Laves, and D0 19 phases was
evealed, which could be expressed as (011) B2 ||(10 ̄1 3) C14 ||(0 ̄2 21) D019 .
he D0 19 needles were inclined ~45 ̊ from the interphase boundaries.
he volume fraction of the D0 19 phase increased to 13% after a 50%
eight reduction. Besides, the chemical composition of the D0 19 parti-
les slightly changed: they became richer with Ti and leaner in Nb, Cr,
nd Zr (Al 28 Cr 4 Nb 14 Ti 51 Zr 3 ). Finally, no evidence of dynamic recrystal-
ization in either of the phases was found. 
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Fig. 5. Microstructures of the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 (a, b, c) and Al 33 Cr 20 Nb 15 Ti 22 Zr 10 (d, e) alloys: a, d – SEM-BSE images; b, e – EBSD phase maps; c – TEM 

bright-field image and selected area electron diffraction pattern. 
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. Discussion 

.1. Predicted and experimental structures 

Our findings show that the CALPHAD method is a useful tool for de-
eloping ERHEAs based on the Al-Cr-Nb-Ti-Zr system. Table 3 summa-
izes experimental data on the alloys’ phase compositions and the CAL-
HAD predictions derived from the Scheil model and equilibrium phase
iagrams. The thermodynamic modeling is highly reliable in the case
f Al-free alloys. The Scheil model and equilibrium phase diagrams cor-
ectly predicted the constitutive phases, their volume fraction, and types
f as-solidified structures of the Nb 30 Ti 40 Zr 30 and Cr 20 Nb 30 Ti 40 Zr 20 al-
oys. 

Some difference between the experiment and thermodynamic mod-
ling arises in Al-containing alloys ( Table 3 ). Neither the Scheil model
or the equilibrium phase diagrams predicted the B2 ordering of the
cc phase. Such CALPHAD’s weakness has been extensively discussed
lsewhere [ 43 , 59–61 ]. It was ascribed to the lack of the B2 phase de-
cription in binaries and ternaries containing Al and refractory ele-
ents [63] . The calculated volume fractions of the constitutive phases
ere also different from the experimental ones; for instance, the Laves
hase’s determined amount was significantly higher. This distinction
an be associated with a complex, multicomponent chemical compo-
ition of the Laves phase particles ( Table 1 ), while the CALPHAD
8 
redicts more evident partitioning of Al, Cr, and Zr to the Laves
hase. 

Simultaneously, the CALPHAD gave correct information about
hanging the Laves phase polytype from C15 (fcc) to C14 (hcp) when Al
as added. But the more surprising was that, despite the above limita-

ions, the CALPHAD prognosticated the type of the alloys’ as-solidified
tructures very accurately. Usually, the CALPHAD is prone to under- or
verestimate the eutectic point in E(R)HEAs that requires further ex-
erimental verification [ 25 , 32 , 37 ]. In the present study, the eutectic
l 28 Cr 20 Nb 15 Ti 27 Zr 10 composition was successfully obtained without
ny additional experiments ( Figs. 2 a, b , and 5a-c ; Table 3 ). 

It is also worthy of analyzing the respective binary and ternary phase
iagrams. In the Al-Cr-Nb-Ti-Zr system, four out of ten binaries have
utectic points, namely Al-Nb, Al-Zr, Cr-Zr, and Cr-Nb [64–67] . How-
ver, the absence of eutectic points in Al-Cr [68] , Nb-Zr [69] , and Ti-X
X = Al, Cr, Nb, Zr) [70–73] binaries suggests (in accord with the simple
ixture approach [35] , frequently used for 3d transition metals EHEAs)

hat there are no eutectic compositions in quinary Al-Cr-Nb-Ti-Zr sys-
em. Moreover, only in the Cr-Zr and Cr-Nb binaries, eutectics are com-
osed of the bcc and Laves phases. The formation of eutectics containing
cc and/or C14 Laves phases is also observed in the Al-Nb-Cr and Al-
i-Zr ternaries [74–77] . Finally, the ternary Al-Ti-Cr system is the sole
ystem that has a description for both the B2 and C14 Laves phases, al-
eit no eutectic reaction between these phases is anticipated [78] . Thus,
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Fig. 6. Engineering stress-strain curves of the Al-Cr-Nb-Ti-Zr alloys obtained during the compression tests at 22 (a), 600 (b), 700 (c), 800 (d), and 1000 °C (e). 
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t can be suggested that the simultaneous presence of multiple elements
s crucial for the B2/C14 Laves phase eutectic formation, while this type
f structure is unattainable in simpler alloy systems. 

Another interesting finding is that the proportional increase in Al
and decrease in Ti) controls the type of structure in the investigated
9 
HEAs ( Figs. 2 , 4 , 5 ) . A similar relationship between the Al content
nd the as-solidified structure was previously found in the Al x CrNbTiZr
RHEAs [33] . Yet, the nature of this phenomenon remains unclear. In
ontrast to strong Laves phase-formers such as Cr or Zr, or solid solution
roviders, like Ti or Nb, Al is almost evenly distributed between the
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Fig. 7. Engineering stress-strain curve of the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy obtained during compression at 800 °C with denoted strains for interrupted tests 
(a); microstructure of the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy after compression to 𝜀 ≈ 0.6 (b), 11.2% (c), and 50% (d) of height reduction: b-d – SEM-BSE images. 
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2 and C14 Laves phases in the studied alloys ( Table 1 ) (as well as in
he Al x CrNbTiZr ERHEAs [33] ). Some explanations of the vital role of
l in creating eutectic structures can be found in the Al-Ti-Zr ternary
77] . A transformation from hypoeutectic to eutectic structure in the
l 40 Ti 37 Zr 23 and Al 45 Ti 33 Zr 22 alloys was connected with shifting from

he primary precipitation region of the bcc phase towards the eutectic
onovariant line in the liquidus projection. In the studied alloys, Al

in connection with Ti) apparently switches the regions with primary
olidification of either B2 or C14 Laves phases and monovariant eutectic
ormation. 

Besides, it is known that the minimization of interfacial energy
romotes the eutectic growth [79] . The minimum energy is usu-
10 
lly achieved at a small lattice mismatch. Due to the observed
011) B2 ||(10 ̄1 3) C14 , [1 ̄1 1] B2 ||[3 ̄3 0 ̄1 ] C14 OR ( Fig. 5 c ), the lattice mis-
atch, 𝛿, between the B2 and C14 Laves phase can be calculated as

ollows [80] : 

= 

2 
(
𝑑 𝐶14 𝐿𝑎𝑣𝑒𝑠 − 𝑑 𝐵2 

)

(
𝑑 𝐶14 𝐿𝑎𝑣𝑒𝑠 − 𝑑 𝐵2 

) ∗ 100% , (1)

here d C14 Laves = 0.2335 nm and d B2 = 0.2234 nm are the (10 ̄1 3)
nd (011) planes spacing of the C14 Laves and B2 phases, respectively.
ecently, Cui et al. reported that Fe-Al-Ta eutectics nucleated below

he critical value of 𝛿 = 6% [80] . The lattice misfit for the eutectic
l 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy was estimated to be 4.4%. Such a small mis-
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Fig. 8. Microstructure of the Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy after compression to 𝜀 ≈ 0.6 (a, b), 11.2% (c, d), and 50% (e, f) of height reduction: a, c, e – TEM bright-field 
images; b, d, f – TEM dark-field images. For the D0 19 and B2 phases, the corresponding SAED patterns are given in the insert in Fig. 8 b and e, respectively. The triple 
orientation relationship between the B2, C14 Laves, and D0 19 phases after compression to 𝜀 ≈ 50% is shown in the insert in Fig. 8 e. 
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12 
atch between the B2 and C14 Laves phases ensured by the specific OR
an indicate that the formation of eutectic B2/C14 Laves phase structure
n the Al-Cr-Nb-Ti-Zr system is energetically favorable. 

.2. Mechanical properties 

.2.1. Nb 30 Ti 40 Zr 30 alloy 

One of the goals of the current study was to establish the structure-
roperty relationships of the investigated alloys in a wide temperature
nterval. As a baseline, we chose the single-phase bcc Nb 30 Ti 40 Zr 30 alloy
ith presumably good ductility. Indeed, the alloy combined high com-
ressive ductility and modest strength at room temperature ( Fig. 6 a ,
able 2 ). To get additional insights into the deformation behavior of
he alloy, tensile testing at room temperature was performed ( Fig. 9 a ).
he Nb 30 Ti 40 Zr 30 alloy had a yield strength of 605 MPa and decent duc-
ility (elongation to fracture – 20.9%) despite the lack of deformation
ardening. Such mechanical behavior is typical of single bcc/B2 phase
HEAs [ 60 , 81–86 ]. 

Further, temperature increments did not affect the ductility but de-
reased the strength of the Nb 30 Ti 40 Zr 30 alloy notably. The most signif-
cant softening occurred at T < 800 °C, meanwhile at T = 800–1000 °C,
he strength remained almost unchanged ( Fig. 6 b-e , Table 2 ) . Com-
ared to the equiatomic, single-phase bcc NbTiZr alloy [ 41 , 87 ], the
b 30 Ti 40 Zr 30 alloy demonstrated considerably reduced strength at 22–
00 °C, which can be ascribed to a lower solid solution strengthen-
ng ( Fig. 9 b ). Meanwhile, further in-depth studies are needed to reveal
he factors affecting the mechanical behavior of the Nb 30 Ti 40 Zr 30 and
quiatomic NbTiZr alloys, especially in the high-temperature regime
 Fig. 9 b ). 

.2.2. Effect of Laves phase on strength 

The incorporation of the Laves phase, due to further alloying, al-
ers the mechanical properties of the investigated alloys significantly.
n terms of strength, the Laves phase operates as an effective reinforce-
ent in numerous multiphase intermetallics alloys [88–90] and RHEAs

 47 , 52 , 91 , 92 ]. In Fig. 10 , the Laves phase’s volume fraction (V Laves )
ffect on the alloys’ yield strength at different temperatures is shown. 

In the interval of 22–700 °C, the Laves phase induced a linear
trength increment. Due to the similarity of slopes at 22 and 600 °C,
he Laves phase’s strengthening ability seems insensitive to temperature
rowth in this interval. At temperatures ≤ 600 °C, the yield strength in-
reased by 30–35 MPa with an addition of every 1 vol.% of the Laves
hase. This observation means that the alloys’ strength reduction ob-
erved between 22 and 600 °C can be attributed to the softening of the
cc/B2 phase ( Fig. 9 b , for example). At 700 °C, the Laves phase parti-
les’ hardening effect became less pronounced: the yield strength incre-
ent was only 17 MPa/vol.%. It can suggest that despite some soften-

ng of the Laves phase, the strength additivity between the constitutive
hases is retained. Another important and unexpected finding is that
he bcc-B2 transition due to the Al addition seems to have a weak effect
n the macroscopic strength of the alloys at T ≤ 700°C since the yield
trength is proportional to the Laves phase’s fraction. 

However, the linear relationship broke at 800 °C ( Fig. 10 ), and more
omplex dependence is observed that can be described using the follow-
ng equation: 

𝑌 𝑆 = 87 . 765 + 52 . 349 𝑒 (0 . 046 𝑉 𝐿𝑎𝑣𝑒𝑠 ) (2)

According to Eq. (2) , the Laves phase particles’ reinforcement be-
omes dominant at only V Laves ≥ 31%. When the Laves phase’s frac-
ion is higher than the threshold value, its strengthening ability quickly
ncreases. Such a complex effect of the Laves phase on the strength
uggests contributions of additional factors, among which the structure
orphology can be decisive. Specifically, the fine lamellar microstruc-

ure with multiple interfaces between the "soft" bcc/B2 and "hard" Laves
hases produces the long-range back stresses ( Fig. 8 ) [29] that should
onstrain plastic deformation in the eutectic regions. The back stress
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Fig. 9. Engineering stress-strain curves of the Nb 30 Ti 40 Zr 30 alloy obtained during tension at 22 °C (a); temperature dependence of the yield strength of the Nb 30 Ti 40 Zr 30 
and equiatomic NbTiZr [ 41 , 87 ] alloys (b). 

Fig. 10. Yield strength of the Al-Cr-Nb-Ti-Zr alloys as a function of the volume 
fraction of the Laves phase at different temperatures. The dashed lines in the 
figure are drawn only to guide the eye. 
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lso exists in the proeutectic regions, but its level is not enough to pre-
ent the dislocation motion in the "soft" bcc/B2 phase due to relatively
arge distances between the "hard" Laves phase particles. Consequently,
he substitution of the low-constraint proeutectic bcc/B2 phase with the
igh-constraint eutectic mixture is likely responsible for the exponent-
ike strength enlargement observed with the increase in the Laves phase’
olume fraction ( Fig. 10 ). 

Remarkable softening of the studied alloys at 1000 °C ( Fig. 6 e ) can
e ascribed to disordering, phase transformations, dynamic recrystal-
ization and/or globularization of eutectic lamellae. Detailed analysis of
hese questions is beyond the current work scope; however, some as-
ects of the microstructure evolution during hot deformation will be
iscussed in Section 5.3 . 

.2.3. Effect of structure on ductility 

It is known that a rapid strength increment due to the Laves phase is
sually accompanied by a drastic drop of ductility [ 47 , 88–91 ]. That is
hy the relationship shown in Fig. 10 covers a limited range of the Laves
hase’s volume fraction. Only the hypoeutectic alloys containing less
han 31–48% of the Laves phase reached the yield point at ambient tem-
erature. Meanwhile, the ductility of the Al-containing alloys with 48–
6% of the Laves phase was nearly zero at room temperature; the brittle-
13 
o-ductile transition occurred in the temperature range of 700–1000 °C
 Table 2 ). This behavior is typical for the Laves phase-strengthened al-
oys [ 47 , 55 , 91 ]. Some ductility improvement (at a given Laves phase’s
olume fraction) can be achieved by controlling the degree of B2 order-
ng. Previous works on the Al-Nb-Ti-V-Zr or Al-Cr-Mo-Ti alloys demon-
trated that a decrease in the Al content and, consequently, production
f "less ordered" B2 structure resulted in good tensile or compressive
uctility while maintaining good high-temperature strength [ 55 , 57 , 60 ].
owever, in the case of the studied alloys, the existence of the eutectic
2/C14 Laves phase structure is closely related to Al content ( Figs. 4 ,

 ). Thus, further tailoring of the chemical composition of eutectic or
ear-eutectic RHEAs based on the Al-Cr-Nb-Ti-Zr system is needed to
et better strength-ductility synergy. 

Nevertheless, the studied alloys with the hypoeutectic structure al-
eady exhibited rather balanced mechanical performance. One of the
romising examples of such alloys was the Al 15 Cr 20 Nb 15 Ti 40 Zr 10 alloy.
t showed somewhat room-temperature ductility and high strength in
he interval of 22–600 °C ( Table 2 ). Moreover, the alloy retained a rea-
onable strength at 700 °C before softening at T ≥ 800 °C. Considering
ts density (5.55 g/cm 

3 ; Fig. S2a ), the specific yield strength of the alloy
aried from exceptionally high values of 315 and 232 kPa m 

3 kg − 1 at
2 and 600 °C, respectively, to 112 kPa m 

3 kg − 1 at 700 °C. It is believed
hat further optimization of the alloy’s structure to increase the ductil-
ty at ambient temperature would make it an attractive candidate with
 high weight-to-strength ratio for potential applications at 600–700 °C.

.3. High-temperature mechanical behavior of the eutectic B2/C14 Laves 

hase structure 

Up to date, only a few attempts have been made to elucidate the
echanical behavior and deformation mechanisms of RHEAs at high

emperatures [93–99] . Most of these studies were devoted to single- or
early single-phase compositions [93–98] . Similar information on mul-
iphase alloys is mostly lacking. Therefore, the microstructure evolution
f the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy during deformation at 800 ̊С
as studied in detail. 

During compression, the alloy yielded at 810 MPa and then rapidly
trengthened to the peak value of 1150 MPa, followed by a pronounced
oftening stage and an extended steady flow ( Figs. 6 d, 7 a ). Such a strain
ardening-softening "hump" is usually associated with dynamic recrys-
allization [100] . However, a close examination of the microstructure
fter deformation ( Figs. 7 b-d, 8 ) revealed that the observed mechanical
ehavior could be ascribed to the partitioning of plastic flow between a
soft" (B2) and a "hard" (Laves) phase. At the strain hardening stage, the
lastic deformation localized in the B2 phase ( Figs. 8 a, 11 a ). The C14
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Fig. 11. Schematic representation showing microstructure evolution during compression of the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy. The compression axis is vertical. 

Table 3 

Data on experimental and predicted phases, their volume fraction (V f ), and type of as-solidified structure (TAS) of the Al-Cr-Nb-Ti-Zr alloys. 

Alloy Experimental Scheil model Equilibrium phase diagram 

Phase V f ,% TAS Phase V f ,% TAS Phase ∗ V f 
∗ ,% TAS 

Nb 30 Ti 40 Zr 30 bcc 100 single- 

phase 

bcc 100 single- 

phase 

bcc 100 single- 

phase 

Cr 20 Nb 30 Ti 40 Zr 10 bcc 86 hypoeutectic bcc 88 hypoeutectic bcc 95 hypoeutectic 

C15 14 C15 12 C15 5 

Al 15 Cr 20 Nb 15 Ti 40 Zr 10 B2 67 hypoeutectic bcc 93.6 hypoeutectic bcc 99 hypoeutectic 

C14 6 

C14 33 C15 0.4 C14 1 

Al 23 Cr 20 Nb 15 Ti 32 Zr 10 B2 53 hypoeutectic bcc 87 hypoeutectic bcc 88 hypoeutectic 

C14 47 C14 13 C14 12 

Al 28 Cr 20 Nb 15 Ti 27 Zr 10 B2 44 eutectic bcc 76 eutectic bcc 76 eutectic 

C14 56 C14 24 C14 24 

Al 33 Cr 20 Nb 15 Ti 22 Zr 10 B2 38 hypereutectic bcc 60 hypereutectic bcc 60 hypereutectic 

C14 62 C14 40 C14 40 

∗ in the case of equilibrium calculations, the phases and their volume fractions were estimated immediately after crystallization. 
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aves phase lamellae, almost unaffected by plastic deformation, effec-
ively confined the dislocation slip within the B2 phase lamellae, thereby
ncreasing the flow stress. After exceeding the peak stress, further ac-
ommodation of plastic deformation became possible only through the
lastic flow initiation in the C14 Laves phase ( Figs. 8 c, 11 b ). However,
his process led to a notable softening induced by thermally activated
islocation slip, which was observed early in binary and ternary Laves-
ased/contained alloys [ 88 , 101 , 102 ]. 

Later stages of deformation were attended by the substructure for-
ation in the B2 lamellae along with microbanding and bending the
14 Laves phase lamellae ( Figs. 7 d, 8 e, 11 c ). Judging by the serrations
n the B2/C14 interfaces, the bending can be caused by local shear
eformation in the transversal microbands, however, without further
amellae fragmentation (at least till 𝜀 ≈ 50%). Moreover, the lamellae
earrangement at high strain did not lead to losing the OR between the
2 and C14 Laves phases (see the insert in Fig. 8 e ). The survived OR
llows saving the low-energy interfaces that can explain the absence
f fragmentation and/or globularization/coalescence of lamellae even
fter rather a large deformation to 50% of height reduction [103] . 

Deformation of the eutectic Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy at 800 ̊С was
lso associated with the precipitation of the D0 19 phase particles. The
ormation of this phase was in fair agreement with the thermodynamic
ata ( Fig. 2 a ). However, the predicted D0 19 phase was expected to pre-
ipitate at T ≤ 700 °C and to have an almost stoichiometric phase compo-
ition of Ti 3 Al. According to EDS analysis, the experimental D0 19 phase
ad a chemical composition of Al 28 Cr 5 Nb 18 Ti 45 Zr 4 after 𝜀 ≈ 0.6% or
1.2% and Al 28 Cr 4 Nb 14 Ti 51 Zr 3 after 𝜀 = 50%. The chemical composi-
14 
ion could be expressed as a cluster formula (Ti, Nb, Cr, Zr) 72 Al 28 ≈
i 3 Al. 

In the studied eutectic alloy, the D0 19 phase appeared at the very
eginning of deformation as irregular-shaped particles nucleated pre-
ominantly on the B2/C14 interfaces and located in the B2 lamellae
 Fig. 8 b ). Since the volume fraction of the D0 19 particles was very low
~3%) even after 𝜀 ≈ 11.2%, they can hardly be considered as effective
bstacles for the dislocation motion ( Fig. 8 d ). Meanwhile, after 50% of
train, the D0 19 phase transformed into needle-shaped particles divided
he B2 lamellae ( Fig. 8 f ). The specific OR between the B2, C14 Laves,
nd D0 19 phases could be the most probable reason for such particles’
orm. According to Eq. (1) , the lattice misfit between the B2 and D0 19 is
.3%, while for the D0 19 and C14 Laves phases – 5.7%. Better crystallo-
raphic matching and higher Ti content ( Table 1 ) made the propagation
f the D0 19 needles in the B2 phase more preferential than in the C14
aves phase. Considering the high strength and creep resistance of the
i 3 Al phase [104] , a much stronger at elevated temperatures structure
omposed of the B2/C14 lamellae with the embedded D0 19 needles can
e created in ERHEAs by proper heat treatment. 

. Conclusions 

In this study, a series of Al-Cr-Nb-Ti-Zr (E)RHEAs was designed us-
ng the CALPHAD approach, and their composition-structure-property
elationships and deformation mechanisms were studied. The following
onclusions were made: 
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1 The CALPHAD (the Thermo-Calc software equipped with the
TCHEA3 database) approach was able to identify various structures
in the Al-Cr-Nb-Ti-Zr system, some of them unexpected in simpler
systems. It correctly predicted the single-phase bcc Nb 30 Ti 40 Zr 30 
and hypoeutectic bcc/C15 Laves phase Cr 20 Nb 30 Ti 40 Zr 10 al-
loys. The hypo- (Al 15 Cr 20 Nb 15 Ti 40 Zr 10 and Al 23 Cr 20 Nb 15 Ti 32 Zr 10 ),
hyper- (Al 33 Cr 20 Nb 15 Ti 22 Zr 10 ), and eutectic (Al 28 Cr 20 Nb 15 Ti 27 Zr 10 )
B2/C14 Laves phase alloys were also successfully designed by the
CALPHAD, despite some uncertainties related to the B2 ordering and
the Laves phase amount. 

2 The alloys’ strength increased from the single-phase to the dual-
phase eutectic-like microstructure, whilst the B2 ordering had a
weak effect. The Laves phase linearly enlarged the compressive yield
strength below 700 °C. At 800 °C, an exponential strength growth
was found, ascribed to the rising back stresses with approaching the
fully eutectic structure. All alloys softened substantially at 1000 °C. 

3 The Al-Cr-Nb-Ti-Zr alloys ductility decreased as the strength in-
creased. The single-phase bcc Nb 30 Ti 40 Zr 30 alloy showed ex-
cellent compressive and tensile ductility at room tempera-
ture. Meanwhile, the hypoeutectic Al 23 Cr 20 Nb 15 Ti 32 Zr 10 , eutectic
Al 28 Cr 20 Nb 15 Ti 27 Zr 10 , and hypereutectic Al 33 Cr 20 Nb 15 Ti 22 Zr 10 al-
loys had the brittle-to-ductile transition in the temperature range of
700–1000°C. 

4 The microstructure evolution during compression of the eutectic
Al 28 Cr 20 Nb 15 Ti 27 Zr 10 alloy at 800 °C was examined. At the strain
hardening stage, plastic deformation was caused by the disloca-
tion motion inside the "soft" B2 lamellae. After achieving the peak
value, the flow stress notably reduced, which was associated with
the activation of plastic deformation in the "hard" C14 Laves phase
lamellae. At higher strains, the substructure formation in the B2
lamellae and microbanding inside the C14 Laves phase lamellae
alongside their bending were found. The resistance of the lamel-
lar B2/C14 microstructure to fragmentation during plastic deforma-
tion was attributed to maintaining the initial (011) B2 ||(10 ̄1 3) C14 ,
[1 ̄1 1] B2 ||[3 ̄3 0 ̄1 ] C14 OR that ensured a small lattice mismatch and
low interfacial energy. 

5 Compression at 800 °C also led to forming a new, Ti-rich phase
with an ordered hexagonal (D0 19 ) structure having a specific
(011) B2 ||(10 ̄1 3) C14 ||(0 ̄2 21) D019 OR. This phase precipitated inside
the B2 lamellae adjacent to the B2/C14 Laves phase interfaces from
the beginning of plastic deformation. 
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