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Abstract: High-entropy alloys of hexagonal structure commamyealing high strength but
very limited ductility, still remain a challengintask. Advanced strategy is proposed in
present work in order to develop high-entropy allmf chemical composition
Al1o0Hf2sNbsScieTiosZr05 at.%. Crystallographic features and microstructusé as-cast and
annealed AbHf2sNbsScoTiosZrsat.% alloy are characterized by X-ray diffracti@eanning
and high-resolution transmission electron microgesp whereas differential scanning
calorimetry is used to follow temperature-inducéage transformation in the as-cast system.
The cast alloy reveals microstructure containimge forthorhombic needle-like plates within
solid-solution of body-centered cubic structurecisa dual-phase microstructure leads to
enhanced combination of high strength and goodildyciThe alloy annealed at 1080 for

5h acquires tensile strength increased by 38%« weebngth more than ten times higher, and
almost 3-fold increased plasticity as compared Wlith as-cast alloy. Its Vickers hardness
becomes higher by 25%. These meaningful changeasaoiated with temperature-induced
transformation of its microstructure, which includéfusion growth of hexagonal plates
enriched in Zr, Sc, and Hf within the bcc-type magenriched in Nb and Ti. Microstructure
reveals twins within the hcp plates which playsrac@l role in plastic deformation and
strengthening of the material&b initio calculations based on the density functional theor
are employed to investigate stability and mechamaperties of bcc, hcp, and orthorhombic
phases of 5-component AHf25SCoTiosZr5at.% and 6-component
Al10Hf2sNbsSceTiosZrsat.% high entropy alloys. The hcp phases of botbtesys are
energetically preferred at T = 0 K, brittle and @aather high Vickers hardness. The bcc



phases of both high-entropy alloys stabilize ancbbee energetically favored above 790 K
for Al1sHf25ScoTi2sZrsat.% and 1150 K for ApHf2sNbsSceTizsZrsat.% alloys. Depending
on the type of crystallographic structure, the plsasnriched in 5 at% of Nb show either
reduced or enhanced values of their elastic mahdi Vickers hardness as compared to the
Nb-free phases. No transformation from brittle tctie state and vice versa is observed upon

doping the considered phases of Al-Hf-Sc-Ti-Zr sgstwith Nb.

Keywords: high entropy alloysTEM studies, hexagonal solid solution, dual phasegires,

phase transformation

1. Introduction

The design of new alloys by combining five or melements with a typical content between
5 and 35 at.% — the class of high-entropy alloygAld) — has stimulated interest of the
scientific community due to the unique opporturtitydevelop engineering materials with
superior properties [1-7]. In the early stages @&AHinvestigations, the vast majority of
alloys belonged to the face-centered cubic (fcchamy-centered cubic (bcc) solid solutions
[1]. Since then, the class of HEAsS has been exttade nowadays it includes also a number
of hexagonal close packed (hcp) eutectic alloygatially ordered structures as well as
alloys containing secondary intermetallic phasesl{d. The recently developed refractory
complex concentrated alloys (RCCAs) (Senkov efLld])[are materials of a unique type and
they consist of three or more principal refract@lgments. They are characterized by a
superior oxidation resistance and a relatively lkdewnsity in comparison with other alloys
[13-16]. Most of the HEA are single-phase fcc oc Istructures; however, these containing
low-density elements, such as: Al, Ti, Zr, may alsmtain secondary phases. Among them,
one may commonly observe ordered B2 oy &% well as Laves intermetallic phases of poor
ductility at room temperature [3,18]. Although somtempts were undertaken to develop
low-density HEA with a good combination of specifsirength and ductility, these
investigations have been limited to single-phadeysl High-entropy alloys of the body-
centered cubic structure have been reported to umtilel at room temperature [19-22].
Recently, the HEScsTisZrs alloy, which is a novel HEA with a single-phasexagonal
solid solution and needle-like structure has bessigihed [23]. The addition of Al to the Hf-
Sc-Ti-Zr alloy leads to the formation of the {g@&tomic order in the hexagonal lattice [24]

and makes it an ideal starting point to explore@a subclass of alloys, but, on the other hand,



the resulting alloy exhibits relatively low plasticdue to its ordered structure. In the present
work it has been shown, that the optimized two-phascrostructure of HEA enriched by
additional bcc solid solution reveals significanthcreased plasticity, alike the two-phase
TicAl4V alloys [5, 25-26]. Motivated by the fact that tAé-Hf—Sc—Ti—Zr system displays
structural morphology similar to that found in tiianium alloys, niobium was used ag-a
phase stabilizing the alloying element. The addittd Nb results in an increase of ductility of
the TgAl-based alloys [27] and improves their oxidatioaesistance [5, 25], strongly
enhancing the formation of the bcc structure inThélsNb alloy, and stabilizing this phase
at room temperature [25]. The Nb-enriched Ti-Abgd reveal better strength, toughness, and
creep resistance in comparison with singjl& systems [28, 29]. The transformation induced
plasticity (TRIP) has recently been observed inTtheZr,7 Hf 7 NbsTas HEA [30] due to the
appearance of the metastajpiphase resulting in a superelastic effect in Ti+H#rAI-Nb
HEAs [28]. All these studies clearly indicate thigh potential of Ti- and Nb-containing
HEAs to reveal extraordinary properties. Therefdalowing the recent studies on the
Al 1sHf25ScoTi2sZros at.% HEA [24] we have enriched previously developkoy with 5 at.%

of Nb to obtain an advanced HE system which is etgueto show the optimal combination
of strength and ductility. The present experimemedearch addresses the impact of Nb
content on the microstructure and mechanical ptegseof the Al-Hf-Sc-Ti-Zr high-entropy
alloy and demonstrates that the formation of dimge structure in the
Al1o0Hf2sNbsScieTiosZros at.% HEA leads to its superior properties over ¢hfsind for the
Nb-free alloy. The results of experimental stucies supported bgb initio calculations of
the structural and mechanical properties of 15M5SGeTizsZr5 at.%  and
Al10Hf2sNbsScpTizsZrs at.% HEAs which are based on the density functiathalory.
Relying on the calculated temperature dependentieeolelmholtz free energies of the bcc,
hcp, and orthorhombic phases ofiglf,5SG0TizsZros at.% and AdoHf25NbsScoTiosZr2s at.%
alloys the energetic stability of these phasesayaed.

2. Methodology
2.1. Materials preparation

The AloHf2sNbsSGoTizsZrs at.% alloys were prepared from the elements of D98%

purity in an arc melting furnace with a water-cableopper plate and under protective Ar
atmosphere. The high purity titanium was appliethasgetter. In the applied technology, the
solidification proceeds at the average cooling @teabout 100°C/s. To ensure sufficient



homogenization, the alloys were re-melted 5 tinffée samples of each batch were prepared
with the target weight of 3.5 g and with the cytliedl shape of 10 mm in height and 10 mm
in diameter. The overall chemical composition wa% - Al, 23.5% - Hf, 6.4% — NB.1%

- S¢25.1% - Ti, 24.9%- Z¢all in weight atomic pct). Some of ingots wereodi®mogenized

in a resistance furnace under Ar atmosphere atdeatyres higher than 1000°C for 5h.

2.2 Microstructural and mechanical properties analgis

In order to perform the structural characterizgtitire platelets were cut into 4 mm thick
samples from the bottom of the cast. The phase ositign was studied by the X-ray
diffraction (XRD) and using a D2 Phaser-Bruker mifitometer with monochromatic CpK
filtered radiation. The microstructure was examinsthg the scanning electron microscope
FEI SEM XL30 (FEI Company, Hillsboro, OR) equippeftth the energy-dispersive X-ray
spectrometer EDAX GEMINI 4000 and the Tecnai G2 Fa@smission electron microscope
(TEM). The micro-chemical analysis was conducteith@giIEM equipment in transmission
and scanning transmission (STEM) modes coupled th#hntegrated Energy-Dispersive X-
ray spectroscopy (EDS). The samples for TEM weientd with Struers Tenupol-5 jet
polisher (Struers, Inc., Cleveland, OH) in the &l@dgte consisting of 20 vol.% HCIO4 and 80
vol.% CH3OH at subzero temperatures. The phasesftranation was followed by the
Netzsch DSC404F1 differential scanning calorimefae samples of 3 mm in diameter and 2
mm thick were heated in an alumina crucible atréite of 15°C mif* up to 1500°C in Ar
atmosphere. The Vickers hardness was measured thedkyad of 5 kg using a Zwick/ZHU
250 tester. The average hardness was estimated bast5 measurements. The results of
tensile and compression strength tests were peefbnwith the Instron 6025 testing machine
at room temperature and the deformation rate of /8. Tensile test experiments has been
conducted to analysis mechanical properties. Miernsile test experiments have been
conducted to analyze mechanical properties. Rinst,prepared alloy drops were cast into a
cylindrical die with a diameter of 10 mm. Next, yhgere cut into discs with 2 mm thickness,
and a symmetrical narrowing with the size of 2 maswnade, using an end mill (diameter: 3
mm). The compression test was performed on cyliatisamples that were 4 mm in diameter
and 6 mm in height, following the PN-57/H-04320nstard. Three compression tests and
three tensile tests were carried out for the studlys.



2.3. Computations

To represent random solid solutions of the 5-corepbrAlisHfsScoTi2sZrsat.% and 6-
component AloHf2sNbsScipTizsZrsat.% high entropy alloys (HEAS) a supercell methas
used along with a special quasi-random structus€dS) approximation [31] to model their
chemical disorder. Four phases of both, 5- andrepament HEA, namely bcc A2, hcp A3,
hcp DQg, and orthorhombic & were investigated. Each phase was modeled by atbh?8
supercell, which contained 19 Al, 32 Hf, 12 Sc,T33and 32 Zr atoms for 5-component HEA
and 12 Al, 33 Hf, 6 Nb, 12 Sc, 33 Ti, and 32 Zmmasofor 6-component one. These supercells
matched quite well the experimentally explored 1sf,sScoTizsZrsat% and
AloHf25NbsScTiosZrsat% HEAsS. The calculations were carried out witthie framework

of density functional theory (DFT) implemented IetVASP code [32, 33]. The electron-ion
interaction was represented by the projector autgdewave (PAW) method [34, 35]. The
generalized gradient approximation with parametioraof Perdew, Burke, and Ernzerhof
(GGA-PBE) [36, 37] was applied for the exchange a&odrelation potential. The wave
functions were expanded in a plane-wave basis gbtthe cut-off energy of 360 eV. The
PAW pseudopotentials with 3 valence electrons foaWd Sc, 4 valence electrons for Hf and
Ti, 11 valence electrons for Nb, and 12 valencetedas for Zr were taken from the VASP
database. Test calculations show that change inuh#er of valence electrons for Ti from
four to ten has rather marginal effect on the camgbuantities. The structures were fully
optimized with convergence criteria for the totalesgy and residual Hellman-Feynman
forces of 1¢ eV and 1G eV/A, respectively. The Brillouin zones of the pdwp, and
orthorhombic structures were sampled using, resdgt 32, 26, and 12 irreduciblepoints
generated according to the Monkhorst-Pack sch&heesingle-crystal elastic constants of the
bcc, hcp, and orthorhombic phases of 15MF5SGeTixsZrosat.% and
Al1o0Hf2sNbsSceTiosZrsat.% HEAs were calculated according to the standagthodology
[38] and then employed to determine the polycriisglkelastic moduli of these phases via the
Voigt-Reuss-Hill averaging method [39, 40]. Hardnes$ each investigated phase have been
correlated with its elasticity using the empiriéaimula proposed by Chen et al. [41]. This
approximation has been shown to give reasonabldtsefer a wide variety of polycrystalline
materials. The Vicker's hardness of each phasebbas estimated asyH: 2 (€ G)*°%- 3,
with k = G/B denoting the Pugh’s ratio of the sh@y and bulk (B) moduli.



In order to investigate the evolution of phasésjrtrelative energetic stability, and
phase transformation as a function of temperataeeHelmholtz free energies of individual
phases are calculated. For a given temperatutapke hase is one for which the Helmholtz
free energy has lowest value. The Helmholtz freerggnof a given phase F(V, T) at volume
V and temperature T is approximated as [40] F(VETE)(V) + FRin(V,T) + Fe(V,T) -
TSon(T), Where B(V) is the energy of the rigid lattice obtainededitly from ab initio
calculations at 0 K, fp(V,T) and F(V,T) are the vibrational and thermal electronic
contributions to the Helmholtz free energy, respety. The TSon(T) denotes term arising
from the configurational entropy.ga(T), i.e., entropy of mixing. The,g(V,T) is determined
within the quasi-harmonic Debye-Grineisen formaligi, 43] which takes into account
anharmonic effects in quite simplified way, whiletk(V,T) is obtained under assumption
of the temperature independent density of elecstates [44, 45] Approximation of an ideal
mixing is used to compute.&(T) [46, 47]. Details of calculating &(V,T), Fa(V,T), and
Tson(T) contributions are provided and widely discussedhe pertinent literature [24, 48-
52].

3. Results and discussion

3.1. Characterization of the as-cast state

Fig. 1 shows the microstructure of the as-cast $amwipAligHf2sNbsSGoTizsZrsat.% HEA,
while the results of chemical analysis carried with the EDS are summarized in Table 1.
The light microscopy presented in Fig. la is takerthe direction perpendicular to the
crystallization of the sample. It shows grains vatrerage size up to 1 mm and a fine cellular
dendritic microstructure inside. The SEM microstane, which is displayed in Fig. 1b,
reveals a dual-phase contrast inside the graingshwiesults from the differences in the
chemical composition between cells and interdelcdviblumes. The EDS chemical analysis
from the brighter place (point 1 in Fig. 1, Tab.ahd the darker area (point 2 in Fig. 1, Tab.
1) confirm the differences in the Al content of abé at.%. Additionally, dark points visible
in the microstructure are identified as porositige Bnalysis of these areas does not reveal any
significant differences in the composition (poinirBFig. 1, Tab.1). The X-ray diffraction
spectra, presented in Fig. 2a, b demonstrate tbgepce of the body-centered cubic solid
solution (space groupm-3m) with lattice parameter a = 3.448 and the secondary phase
with the orthorhombic structure (space group: Cmamy lattice constants a = 3.084 b =
5.341], and ¢ = 5.761. The XRD results indicate that Nb addition staie$i the bcc structure
in the AloHf2sNbsScoTizsZros HEA. The role of niobium was confirmed {iTi alloys,



where there is a strong stabilizer in the bcc stinec[25]. A similar effect is observed in the

present multicomponent alloys. For instance, Lienst al. [30] have shown that an alloy of
a similar composition (i.e. 3dZr.7 Hf,7 NbsTa5) had a stable single bcc structure. The
results prove that Ta and Nb enhance the formatiadhe body-centered cubic structure [28,
30].

For precise characterization of theigkf,sNbsScoTizsZrs at% HEA microstructure, the
TEM analysis in the BF mode has been carried agtire 3 shows the resulting TEM bright
field image, which allows the identification of ary fine needle-like structure with the
thickness up to 50 nm and length of abouwini The preferential directions of the growth of
plates in the matrix are clearly visible at theeisection angle of 57 The results of the
examinations performed with the selected arearelediffraction patterns (SAEDP), which
are shown in Fig. 4a-4c, indicate that the micragtrres of the matrix and needles are of the
bcc- and orthorhombic-type, respectively. Their pmiogies are typical for the martensitic
structures, which are presumably formed duringdifiesionless transformation induced by
rapid cooling (about 100°C/s) just after arc me@tilthe martensite phase of titanium alloys
may split into the hexagonal martensite or orthorhombie” structure [25]. In the as-cast
TiZrHf alloy, where the bcc-to-hcpa) polymorphic transformation takes place, only dhe
phase laths having different crystal orientationd being few micrometers in size are usually
identified. The differences in relation to the désypresented in the work are associated with
the lack of elements stabilizing tfigphase. For example, thesddrooHf10NbeTa o HEA after

casting contains a single bcc phase due to higtenbof Nb and Ta [53].

To obtain an insight of the microstructure of thedstigated HEA at the atomic level, the
high-resolution transmission electron microscopyRTHEM) imaging technique has been
applied. The resulting HRTEM image of the plateaamearked in Fig. 4a is shown in Fig. 5a.
Fig. 5b and 5c present the Fast Fourier TransféiirT) of the HRTEM micrograph and the
lattice reconstruction following from the inverseTF, respectively. From the lattice distances
and their mutual angles measured using FFT (Fig.tGe hcp [-111] zone-axis orientation
was identified, which fitted well to the simulatiaf the reciprocal lattice section at that
orientation. The packets of subplates with highleatgundaries are visible in the HRTEM
image (Fig.5a). The inverse FFT (Fig.5c) obtainathwhe use of the Digital Micrograph
software, by applying “masks” near the reflectiamshe FFT, showed much better contrast.
High density of defects, observed as changes indht&ast, e.g. edge or complex dislocations
are well visible in the Fourier filtered part ofettmage. In addition, the usage of masks for



the chosen spots in the inverse FFT allowed oltgimi Fourier filtered image in certain
crystallographic directions. Additionally, an aredth strong defects and numerous edge
dislocations between the subplates can be nottech defects could be as well responsible

for the effect of hardening.

In order to determine the distribution of elemantthe area of needles, a qualitative chemical
analysis was performed using a STEM mode (seedkid.ittle bright contrast features can be
distinguished within the darker matrix in Fig. &ehich represents the area of small plates.
The analyzed area is marked by frame and the seaudt shown in the form of maps of
distributions of individual elements that are dé&gic in Figs. 6b—6g. The observed
homogeneous distribution of all elements suggesfsistbnless character of the needle
formation. Moreover, the line scan of chemical cosipon has been carried out in the
direction perpendicular to the longitude axis otdies (Fig. 7). The STEM image shows
changes in the contrast related to the plates badiffierent crystallographic relation with

respect to the matrix, but no significant changesamposition can be observed. This also
confirms the diffusionless mode of the transformratieading to the formation of plate-like

morphology.
3.2 Effect of temperature on microstructure and prgerties

In order to determine the influence of temperatore microstructure and mechanical
properties of the ApHf2sNbsScoTizsZrs HEA, annealing at 1000°C for 5 h was conducted
using the DSC analysis (Fig. 8). The heat flow eushhowed an endothermic effect in the
range of 830-920°C, which was probably associatitd the transformation from the bcc to
hcp structure. Further heating resulted in the lexwonic reaction between 1270 and 1310°C,
which was probably caused by the formation of tg $cAl, (Zr, Sc)Als, (Zr, ScAl like
precipitates. In consequence, annealing at 1006f GH,i.e. in the temperature range above
the first endothermic effect led to the homogemmatof composition. Thus, the sample
cooled in the furnace remained closer to the thdgmamic equilibrium than that directly
cast. Additionally, slow cooling enhanced the usfbn transformation of titanium. The XRD
analysis (Fig. 9) of the sample after annealingictvhis displayed in Fig. 9, confirms the
presence of about 30 vol.% of the bcc phase (ImsBate group, & 3.4472 A), while the
remaining amount corresponds to the hcp lattice/ffic space group, @ 3.181 A, c=
5.004 A).

The BSE images of the material microstructure afterealing at 1000°C for 5 h are shown in



Fig. 10, whereas the results of the EDS analysiscallected in Tab. 2. The microstructure
consists of large grains with average size up nan2 The BSE picture shows a composition
contrast of two phases. The “darker” phase (matnikf) the volume fraction of 32 % reveals
an increased content of Nb and Ti (see point 1ignlB b and Tab. 2). The “brighter” phase
with the plate-like morphology extending up to 156 of length and 1@m thick, is enriched
with Zr, Sc, and Hf, at the expense of Nb and €e(point 2 in Fig. 10 b and Tab. 2). The
“brighter” phase occupies mainly elongated narraairgs, which are either oriented parallel
to each other or intersect at angles close to Bi@f. (0). Such morphology suggests that the
grains of the “brighter” phase may share a commuystallographic relationship between
each other. Moreover, the applied annealing leadbe formation of small precipitates with
the average size of 1.5¢8n that are enriched Sc (see point 3 in Fig. 10t &ab. 2).
Relating the present results to those obtainediferannealed NESGsTixsZros alloy [9],
which evidenced phase separation ifitdlbZrTi and a(Sc, Zr), it may suggest that the
addition of Nb should enhance the phase separatiocess in the AYHfsNbsSCeTisZr2s
HEA due to a complete lack of the mutual solubiifyscandium and niobium.

The EBSD orientation analysis is presented in Riglireveals that the narrow, elongated
grains of hexagonal phase are surrounded by thaimérg cubic structure. The crystallites of
the hexagonal phase are organized in the form wétels, characterized by the same
crystallographic and spatial orientations as thestituent needle-like grains. These results
suggest that all grains belonging to the particalaster originate from the same parent grain
of the cubic structure. The conclusion is confirmiggl the detailed inspection of the
orientation map containing solely cubic structUfag(11b). It revealed that primary grains of
the phase could have been of few hundreds of msdrodiameter.

A detailed analysis of misorientations between cwd hexagonal crystallites showed that
there was a very common misorientation of nearlyafout axis <20 -11 9 3> of hexagonal
or <25 3 2> of cubic systems. In order to approxetyavisualize this phenomenon, grain
boundaries with 45°+2° misorientation (however,hwito respect to the rotation axis) were
plotted with black line in Fig 11a. As it can beesgethe black contour outlines most of the
grains what indicates that this kind of boundaryasy common in the investigated material.
Such observations suggest that upon annealing @°C0 diffusion of the constituent
elements in the AdHf2sNbsScieTi2sZr25 alloy led to their segregation, which later resdlin
the phase transformation from the cubic to hexalgetracture. Such transformation could

take place either during the annealing processa asmple result of altering chemical



composition, or while the sample was cooled dowrantbient temperature. The obtained

hexagonal phase retained the crystallographicioelsthip with the parental cubic structure.

The TEM observations, presented in Fig. 12, allotveddetailed determination of the phase
composition of the alloy after annealing. The BFaga shows a complex contrast created by
the crystallographic orientations and chemical cositipn, and suggests the presence of two
phases. The plate-like morphology up tarh thick of the solid solution can be seen within
the matrix. The SAEDP from the region marked by ting in Fig. 12 a shows (002) and
(020) spots of the body cubic centered solid sofytcorresponding to the [100] zone axis
(Fig. 12 b). The SAEDP from the area of plates,kadrby ring in Fig. 12 a, confirmed the

existence of the hexagonal solid solution with[21H] zone axis.

It should be noted that, in some cases, the hapgtate presented in Fig. 10a,b has a
morphology that looks like split strands needlethinithe bcc matrix, which forms bands like
the structures of both the bcc and hcp phasesr{dgsn concerns internal single bands of the
hcp phase). The bce band within the hep lathsse aisible in the STEM image depicted in
Fig. 13. The second plate, to be seen along the @fréhe interface as giving a brighter
contrast, is the result of different compositiots tharacteristic morphology is typical for
twins in @) martensite [25]. The line scan analysis of tlreroical composition has been
carried out along the area of the bcc and the Ihgses (see bottom part of Fig. 13). The
diffusional character of phase separation shouldhdited. This result is, however, entirely
distinct from that obtained for the as-cast stéte newly formed plates in the area of the bcc
and hcp boundary nucleated probably in a heteragyenmanner due to local changes in the

chemical composition and increased local strain.

Next, STEM investigations of the AHfsNbsScoTizsZrs alloy after annealing were
conducted (Fig. 14). The area of the internal parfcp plates (Fig. 10a), where there are
visible split strands needles, was analyzed. Thayais showed that the bcc phase gave a
lighter contrast, indicating that it was built oédvier atoms than the darker hcp phase. The
accompanying qualitative EDS measurements confirrtteaet the highest Nb and Ti
concentration was in the area of the darker bamt#e the Hf, Sc, Zr and Al were located in
between them. The above results were consisteiht thé X-ray analysis confirming the
presence of two separate solid solutions: bcc apd Bmall differences in the chemical
compositions are visible when the results are coetpavith the SEM point analysis

10



(increased concentration of Ti in the bcc phaseelsas no changes in the Al content). The
differences between the applied methods are thdtrekthe analysis accuracy connected
with the penetration depth of the beam. Nevertlseleivorce Nb between the phases exerts
the highest impact on the type of the formed stmact

3.4Mechanical properties

Room temperature tensile strength testing wasethout to determine the deformation mode
of the AhoHf2sNbsScoTi2sZr25 alloy. The stress—strain plots for the as-cage q@ontinuous
line) and after annealing at 1000°C for 5 h (dastede) are shown in Fig. 15a. An evident
difference in the behavior of the as-cast and dededloHf2sNbsScoTizsZros alloy is
observed. For the as-cast state, an average testislegth reaching 900 MPa, (continuous
curve) is accompanied by the strain of 4.2 %, withikeyield strength and hardness amount to
500 MPa and 390 HV, respectively. Annealing leaalsignificant increase of the tensile
strength, reaching up to 1240 MPa, while the ysttdngth and plasticity increase to 660 MPa
and 11.5%, respectively. The hardness of the sampleases to 485 HV. The different
mechanical responses between as cast and anntikedam be attributed to different crystal
structures of the studied alloys.

The as-cast AbHf2sNbsScoTi2sZr25 sample during the uniaxial compression tests (Fidp)
showed a dual-yielding effect with the “primary’®ld point of 620 MPa, fracture strength of
2132 MPa, and the overall plastic strain of 20%e Tsults suggest a bccdb-phase
transformation during compression as well as twimignation. It seems that there is a
potential to develop a transformation induced ptagteffect in these alloys (TRIP). After the
annealing of the sample, it revealed 1940 MPaaiéld strength of 1168 MPa. Significant
differences between the compression and tensilavi@hare connected with the anisotropy

of mechanical properties, which is commonly obsefiveother fcc alloys [1].

The hardness of the as-cast and subsequently adredldy increase to 520 HV and 540 HV
for the samples elongated ly= 4.2% and 11.5%, respectively. Significant ineeeaf
hardness for the annealed and strained sampldaitedeto the formation of deformation
twins, which strengthen the alloy. Similar effecasvobserved in Zr forged bar, which
revealed strong hardening effect after deformatioe to the presence of twins, which acted
as effective barriers to the dislocation motiorcegated the regions of preferential slip [54].
For comparison, the pure Ti with alpha phase ofageral structure exhibits yield strength
(YS) from 250 to 400 MPa and high plasticity reach#0% due to twinning and slip. Such
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mechanism was proved to be an important deformatiode at room temperature [55-57]. In
the present study it should be assumed that thleehiyS and strength obtained by the
deformation are due to large solid solution handgnvithin the heavily distorted lattice.

In the next stage of studies, the microstructotaervations have been carried out
near the fracture area of the tensile strength kEmnpigures 16-18 display results of these
investigations. For the as-cast state, the TEM-BHBiss (Fig. 16a) show deformation bands
with the thickness ranging from 50 to 300 nm anagte of several hundred nanometers
(tensile strength sample). The selected area diifna patterns from both adjacent bands
show the bcc structures with the same orientatldd ], which differ by a few degrees (Figs.
16b and c).

The fracture analysis of the annealed and stra{opdto 11.5 %) tensile strength sample,
indicates that cracking can propagate between lttstecs of hexagonal phase platelets. The
arrow in Figs. 17 and 18a points at the crack thas straight along the border between two
regions, characterized by different spatial origates of the hexagonal phase lamellae, which
retain the same crystallographic orientation. Meegp the twin-like morphology of the
structure within the plates is identified (Fig. J86he TEM-BF image and SAEDP also
confirm the presence of twins within the hcp plates). 19). Deformation twinning of the
hcp structure plays a crucial role in plastic defation and strengthening of the materials [54,
58].

To explain the above observation, let us assuraettte platelets of the hexagonal
phase may act as reinforcement in a composite rakter such a case, gaps and irregularities
in spatial distribution of the reinforcement magate a path for crack propagation through
the material. In the present study, the bounddrét®een two regions of different alignment
of the hexagonal phase platelets might also playdle of a gap in the reinforcements, which
facilitates fracture development.

The {1011} twins have been observed only at re&dsivhigh deformation temperatures.
above 400°C for HCP titanium and zirconium allo$8][ Similar twinning microstructure
also appears along with the bebcp martensitic transformation [60]. These transftion
twins are also found in water quenched Ti-50Zeta@&lloy [61].

Another interesting aspect is related to the nadfitihigh ductility of AkgHf25NbsSGoTi25Zr25
alloy. Generally, most of the Al-containing HEAschuas: AlxHfNbTaTiZr [62, 63],
AIXNbTaTiV [64] or AIXCrNbTiVZr [65] are of low dutility or even brittle at room

temperature. The brittleness is caused by ordettedmetallic phases, such as B2, Laves and
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Al-Zr phases, whose formation is facilitated via tthemical interactions of aluminum with
other alloying elements [13]. For example, manyhafse alloys have the ordered B2 matrix,
while the disordered bcc phase is discontinuous2f3 The recent work of Senkaat al.

[12] showed that the plasticity of ANb;sTasTizeZrs can be considerably improved by heat
treatment, which breaks continuity of the B2 phassé results in the formation of disordered

bcc matrix.
3.5Analysis of alloy composition using d-electron appyach

Lastly, the phase composition and mechanical\behaf the AkoHf2sNbsSGoTi25Zr25
alloy in the as-cast and annealed states can lhgzaday using the ‘d-electron alloy design’
method. Introduced by Morinaga et al. [66], thipm@ach takes into account the bond order
(Bo) and the metal d-orbital energy level (Md) paeters. It is traditionally applied to
evaluate the stability of the bc@)(phase in Ti alloys for the operation of different
deformation modes, like dislocation slip, MBIP (vbBand Induced Plasticity), TWIP
(TWinnning Induced Plasticity), or TRIP (TRansfoitioa Induced Plasticity). Apart from
the prognostication of deformation feature$ @flloys, the Bo-Md diagram also delineates the
regions with thex ando+f structures. Several recent studies showed reasoapplicability
of the Bo-Md diagram for Ti-containing HEAs demaasing TRIP or MBIP effects [67-70].
Therefore, we reconstructed the Bo-Md diagram,ectdld numerous Ti-containing HEAsS
with either TRIP or MBIP effect, and several Tiogit (Fig. 20). The AbHf2sNbsSGoTi2sZr2s
alloy with Bo= 2.87 and Mdr 2.49 values locates under theg=RT line, to the right from the
M:=RT line. If the line separated tleeanda+p fields could be extended following the same
trend (dashed green line in Fig. 20), theAfsNbsSceTizsZres alloy would refer rather to
the o field than to thea+p one. However, the lack of experimental data makesh
extrapolation somewhat speculative. Thep field with the TRIP effect seems more
appropriate for the description of both appearanéesffusionless orthorhombia{ phase in
terms of the Bo-Md map) and annealing induced hgpphases in the bcd3) phase.
Moreover, the relocation of the AHf2sNbsScoTizsZr,s alloy to the TRIP region correlates
perfectly with the occurrence of somewhat transtdrom during plastic deformation
indicated by the double-yielding phenomenon in ¢benpression curve of the as-cast state
(Fig. 15b). Thus, it can be suggested that the Bob-dibgram is an adequate tool for
predicting the structure and deformation mode oé thlgHf25NbsSCoTiosZr,5 alloy.

Meanwhile, further studies are highly needed tafydhe applicability of the ‘d-electron

13



alloy design’ method for search of new hcp/bcc HE&Eluding the Al-Hf-Nb-Sc-Ti-Zr

system, with advanced mechanical performance.

3.5 Density functional theory studies

The results of the DFT calculations, including optied lattice parameters, c/a, and b/a ratios
of the bcc A2, hcp A3 and R@as well as orthorhombicf phases of AkHf25S¢oTi25Zr25
at.% and AdoHf2sNbsSceTizsZrosat.% HEAs are shown in Table 3. In general, theutated
structural parameters of the considered phasesimamaeasonable agreement (about 2% or
less) with those determined in the present X-rdfradition experiments and the previous
experimental studies [24]. The incorporation of 5%a of Nb atoms into the
Al1sHf5ScTixsZrsat.% HEA has rather a minor effect on its latticargmeters. The
calculated difference between motionless latticergiesAE, of the considered phases clearly
indicates that the hcp A3 structure of the 5-congodAlsHf25SCoTi2sZr25 at.% HEA is the
most energetically stable at T = 0 K. The addinbrd at.% of Nb atoms stabilizes, however,
the hcp D@y phase, whose energy becomes lower by 5 meV/atam tthat of the hcp A3
phase. The difference in energies between the l&cphase and the more stable hcp phase
decreases upon enrichment the Al-Hf-Sc-Ti-Zr allath Nb. The zero-point energy motion
Fin(V, T = 0 K) arising from the lattice vibration &bout 40 meV/atom for the hcp phases
and the bcc A2 phase of AHf2sSceTizsZrasat.% HEA, while it ranges between 25 and 28
meV/atom for the orthorhombic.,fphases and the bcc A2 phase ofpgAf25NbsSGeTi252125
at.% HEA. At T = 0 K, the Eand R, contributions to the Helmholtz free energies ofhbo
alloys dominate, whereas the contribution frogn rEmains negligible. The terms,FRand
TScont become significant at elevated temperatures, atidimcreasing contribution from the
Fib term determine temperature evolution of the ergrgéability of HEAS’ phases. Table 4
demonstrates schematically the energetic stabdityparticular phases in the selected
temperature ranges. Our calculations show thahdpestructures are energetically favored
over the bcc A2 or orthorhombic,Astructures below 790 K for AHf25SGoTi2sZr25at.%
HEA and 1150 K for AlpHf2sNbsScioTizsZrosat.% HEA. Above these temperatures the bcc
A2 phases of both 5- and 6-component HEAs becomeegetically preferred. On the other
hand, the orthorhombic » structure remains least energetically stable ud360 K in

Al 1sHf25S¢oTizsZrosat.% HEA and 2000 K in AdHf2sNbsSceTiosZresat.% HEA.

The considered cubic, hexagonal and orthorhombasgh satisfy the Born stability criteria,

which indicates their mechanical stability. Thecc#dted polycrystalline elastic moduli (bulk
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modulus B, shear modulus G, Young’ modulus E) alwitty the Poisson’s ratie, Pugh’s
ratio k, and Vickers hardnessHfor the bcc, hcp, and orthorhombic phases of
Al1sHf25SCioTi25Zr05 at.% and AdoHf2sNbsScoTizsZros at.% HEAs are listed in Table 5.
Additional column containing parameters averagesl twoth hexagonal structures is included
in Table 5. The latter is being used to facilitatsmvenient comparison of the calculated
mechanical properties of the hexagonal, cubic, @tldorhombic phases among each other.
Such averaging is justified by a small differeneehe Helmholtz free energies between the
hcp A3 and D@, phases. The averaged values of the, Kk, and H parameters are derived
from the respective arithmetic means for B and (apeters.

Among the considered phases of the 5- and 6-coemtddEAS, their orthorhombic
Ao phases are the least resistant to compressioar &hrees, and longitudinal stresses, as
indicated by their relatively low bulk, shear, aridung’s moduli. Generally, these phases can
be regarded as soft materials due to low valuekedf Vickers hardness. All these phases are
expected to behave in a ductile manner, as sughésteheir Pugh’s ratios (k < 0.5) and
Poisson’s ratiosv(~ 0.33) [71], which are common indicators of leitess/ductility of a
material. On the other hand, the bcc and hcp phadssth 5- and 6-component HEAs exhibit
much higher values of their bulk, shear, and Yosngioduli in comparison with the
orthorhombic phases, which finally results in theuch higher Vickers hardness. The bcc
and hcp phases of AHfsScoTi2sZr5 at.% and AdgHf2sNbsSceTiosZrs at.% HEAs are
predicted to be more brittle than the orthorhompiases, as evidenced by their Pugh’s
(Poisson’s) ratios which are slightly higher (loyvétran 0.5 (0.33). Upon addition of 5 at.% of
Nb into the Al-Hf-Sc-Ti-Zr HEA, the bulk, shear antbung’s moduli of the resulting bcc
phase increase by about 2-3%, whereas they becedueed by 1-5% for the hexagonal
phase. Also, reduction of these parameters by akveercent is observed for the
orthorhombic phase. The phases do not undergoiticenso a different brittle/ductile state
when enriched in 5 at.% of Nb. The enrichment indffiects, however, the Vickers hardness
of the hexagonal and orthorhombic phases, leavingfHhe bcc phase almost unchanged.
The H, of the hexagonal phase is reduced by ~10% with.% af Nb content. The most
substantial decrease in, idf the Al-Hf-Sc-Ti-Zr HEA upon incorporated Nb abserved for
the orthorhombic A phase, for which its Vickers hardness experiemedaction by almost
twice. We should, however, note that the orthorhionghase can hardly form due to its
energetic instability in a wide temperature range.

4. Conclusions
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The novel six-component AHfsNbsSceTizsZrs at.% high entropy alloy having
complex microstructure was developed and cast loy naelting from the elemental

precursors. The present research demonstrates that

1. The alloy in the as-cast state consists of largéengrwith size up to 1000 mm within
bcc cell dendritic structure and dimensions of POgn. Very fine orthorhombic
needle-like structure with thickness up to 50 nrd Emgth reaching im is revealed
within cell grains. They are formed by diffusiordesansformation probably due to
rapid cooling during crystallization. The orthorhioicineedles are arranged in
preferential directions of intersection angle of° 53uggesting crystallographic
dependence between them. The unique mixture ofplakes within bcc-matrix in the
as-cast state leads to relatively high combinatibetrength and plasticity. The alloy
with initial hardness of 390 HV reaches tensilesgith of 900 MPa, yield strength of
500 MPa, and plasticity of 4.2 %. Moreover samplerdy the uniaxial compression
tests showed a dual-yielding effect with the “pngiayield point of 620 MPa,
fracture strength of 2132 MPa, and the overall tastrain of 20%. The results
suggest a bcc-ta- phase transformation during compression as wsll tains
formation.

2. The phase composition of AHf,sNbsSceTi25Zr25 alloy exhibits significant changes
after annealing at 1000°C for 5 h. The high-temipeea gives rise to diffusional
growth of hexagonal plates, which attain thicknefs$0 um and length up to 150m.

In addition, plates reveal increased concentratib@dr, Sc and Hf at the expense of
Nb and Ti. They are located within bcc phase erdcim Nb and Ti. Heat treatment
results in significant increase of tensile strengthito 1240 MPa. Hardness amounts to
485 HV, whereas yield strength and plasticity ageat to 660 MPa and 11.5 %,
respectively.

3. The results and analysis of oaip initio calculations show that hexagonal phases of
both AlisHf25SCoTizsZros at% and  AdgHf2sNbsSciTizsZros at% HEAs  are
energetically favored over the bcc and orthorhongdhiases at T = 0 K. These are
brittle materials with relatively high Vickers hawess. The only ductile phase of the
Al-Hf-Sc-Ti-Zr HEA is that having the orthorhombi&, structure. Its ductility is
retained after doping with 5 at% of Nb. No changenf a ductile to brittle state is
observed neither for the cubic nor hexagonal phafiestheir enrichment in Nb. The

hexagonal and orthorhombic phases of the Al-Hf-BZfTHEA which contain 5 at%
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of Nb have lower values of their bulk, shear, araiYg’'s moduli as well as reduced
values of H as compared to the respective values of the heehgmd orthorhombic
phases of the Nb-free alloy. Opposite effect, small increase in the B, G, E, and H
parameters is encountered for the bcc A2 phasbkeoAt-Hf-Sc-Ti-Zr HEA after its
doping with 5 at.% of Nb. Our calculations show tthabove 790 K for
Al1sHf25SceTi25Zr5at.% and 1150 K for ApHf2sNbsScieTizsZres at.% alloys their
bcc A2 structures are more energetically stable tie A3 or D@y structures of

hexagonal symmetries as well ag fphases having orthorhombic structures.
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Figure Captions

Figure 1. (a) Light microscopy and (b) SEM images of thegAf2sNbsScioTi25Zr25 at% HEA
microstructure. Areas of the EDS analysis are nthlkesquares and presented in Tab. 1.

Figure 2 (a) X-ray diffraction spectrum of the AHf2sNbsSCoTiosZrs at.% HEA, (b)
Enlarged spectral area showing low intensity spégeaks corresponding to orthorhombic

structure.

Figure 3. TEM-BF image of as-cast AHf2sNbsScoTi25Zr2salloy showing needle-like
orthorhombic phase formed in the matrix of bccdtice.

Figure 4. (a) TEM bright field image of as-cast &Hf2sNbsScipTizsZros HEA, (b) SAEDP
from bcc structure matrixc) SAEDP from both matrix and orthorhombic structofethe

needle. Crystallographic relation between bcc atttbchombic lattices is shown ().

Figure 5. (a)HRTEM image of area of needles in as-cagsbisNbsScoTizsZros alloy, (b)

Fourier transform of HRTEM image, afg) lattice reconstruction by inverse FFT (IFFT).
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Figure 6. (a) STEM image of AbHf2sNbsScoTi2sZr,s alloy as cast condition; (b)-(g) surface
distributions of alloy constituents (Hf, Sc, Zr, Ni, Al).

Figure 7. Line scan analysis from area of plate-like struesurin as-cast
Al 10Hf25N b5SC10Ti25zr25 HEA.

Figure 8. DSC heat flow curve of as-cast;&lif,sNbsScioTizsZros HEA.

Figure 9. X-ray diffraction patterns of AbHf2sNbsSgoTiosZrs HEA after annealing at
1000°C for 5 h.

Figure 10. SEM/BSE images of the AHf,sNbsScioTizsZrs HEA after annealing for 5 h at
1000°C(a) low magnification andb) large magnification. Regions of the EDS analysés a
marked with squares.

Figure 11. EBSD orientation maps of AHfsNbsScoTisZrs HEA after annealing at
1000°C during 5 h (a) Orientation map of both iifeed phases. Black outline denotes 45°
boundaries. (b) Orientation map of the cubic phadg. Inverse pole figure (IPF) coloring

scheme is applied.

Figure 12. (a)Bright field TEM image of AJgHf25NbsScioTiosZrs HEA annealed at 1000°C
for 5 h. SAEDP from (b) matrix and (c) plates.

Figure 13. Line scan analysis from area of the plate-like rhotpgy in
Al 10Hf2sNbsScoTizsZrs HEA after annealing.

Figure 14. (a) STEM image of AbHf2sNbsScoTizsZros alloy after annealing; (b)-(g) surface
distributions of the alloy constituents (Hf, Sc, Kib, Ti, Al).

Figure 15a. Tensile strength curves for AHf2sNbsScoTiosZros alloy in as-cast state

(continuous line) and after annealing at 1000°Csto(dashed line).

Figure 15b. Compression curves of the HfosNbsScioTi2sZr05 as cast (continuous line), and
after annealing at 1000°C for 5h (dashed line).

Figure 15. (a) TEM bright field image of AbHf2sNbsScoTizsZrs as-cast alloy and
corresponding SAED patterns after pre-straining.2% from (b) marked area within shear

band, and (c) marked area of adjacent bands.

Figure 16. SEM image of the fracture area. Red arrow indgateck propagation along
grain boundary of the sample after annealing.
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Figure 17.(a) EBSD orientation maps of fracture surfacedonealed sample. (b) Enlarged

fragment of microstructure. IPF coloring schemagplied.

Figure 18. TEM bright field image of AlHfsNbsSGoTizsZrs HEA from area of fracture

surface of sample after annealing with inset ofesponding SAED pattern.

Figure 19. Positions of the AbHf2sNbsSceTizsZres alloy, several TRIP and MBIP Ti-

containing HEAs, and some Ti alloys on the Bo-Malgdam.

Table Captions

Table 1.Results of SEM-EDS analysis performed for areakethby square symbols in
Fig. 1.

Table 2 Results of the EDS analysis for points 1-3 matkefig. 10 b.

Table 3. Calculated structural parameters and relativeggeeAEy, andAF at T = 0 K of the
bce, hep and orthorhombic phases ofsAf2sSceTizsZrsat.% and AdgHf2sNbsSCieTi25Z1 25
at.% HEAs Numbers in brackets denote experimerdhles determined in the present and
previous X-ray diffraction measurements [24]. Rekatenergies (in meV/atom) are given
with respect to the most stable phase, i.e., hcpoA\l1sHf25S¢0TizsZr at.% HEA and hcp
DO for AlyoHf25sNbsSciTisZrosat.% HEA.

Table 4. Energetic stability of the bcc A2, hcp A3, hcpiR@nd orthorhombic 4 phases of
Al 1sHf25ScoTisZrat.% and AdgHf2sNbsScioTizsZrs at.% HEAs in selected temperature
ranges. Phases are ordered according to their léinfree energies F(V,T).

Table 5. Theoretical bulk modulus B, shear modulus G, Youngdulus E=9BG/(3B+G),
Poisson’s ratie=(3B-2G)/(6B+2G), Pugh'’s ratio k=G/B, Vickers haeds K = 2(KKG)*°8>3
[50] for the bcc A2, hcp A3, hcp R§ and orthorhombic 4 phases of
Al1sHf25SCioTi252r05 at.% and AdoHf2sNbsSceTizsZrsat.% HEAsS. The column denoted as
hcp average contains values averaged over botlgbeabstructures (see text for details).
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Table 1

Place of Element [ at. %]

analysis Al Nb Hf Sc Ti Zr
1 15.1+1.9 5.1+2.2 23.6£1.4 9.1+3.1 24.4+0.p  22.6%2
2 20.5+1.4 4.6%1.3 19.2+0.3| 10.2+1.9 23.2+23 22.1+2
3 15.1+2. 5.4+2.2 18.6+0.9| 13.4+1.§ 23.4+2Q1 24.2+2




Table 2

Point of Element [at. %]

analysis Al Zr Nb Sc Ti Hf
1 14.6+2.9 21.9+0.4 10.2+0.4 4.7+0.9 29.3+1.2 10.3+
2 14.4+2.9 26.3+20.5 3.2+0.6 9.9+2.( 18.9+0(8 27.83+0
3 5.5+1.1 7.6+0.3 3.0+0.6 62.7+1.3 12.0+0(5 9.2+0}2




Table 3

bcc hcp hcp orthorhombic
quantity A2 A3 D019 Az
Al 15Hf25SC10Ti25Zf25 at.% HEA
a (A) 3.4608 3.0880 3.0875 2.9808
(3.1092) (3.1126)
cl/a 1 1.59 1.59 1.898
(1.585) (1.593)
b/a 1 1.59 1.59 1.760
AEg +51 0 +14 +98
AF +33 0 +9 +83
Al 10Hf25Nb5Sc10Ti25Zr25at.% HEA
a (A) 3.4610 3.0966 3.0948 2.9792
(3.448) (3.034)
cl/a 1 1.59 1.59 1.898
(1.898)
b/a 1 1.59 1.59 1.760
(1.760)
AEg +33 +5 0 +99
AF +34 +6 0 +86




Table 4

Temperature range Sequence of phases
(K)
Al1sHf25SC10TiosZros at. % HEA
0-720 F (A3) <F (D0y) < F (A2) < F (Az)
720 - 790 F(A3) <F(A2) <F (D0y) < F (Az)
790 - 950 F (A2) <F (A3) < F (DO0sg) < F (Az)
950 - 1350 F (A2) <F (D0yo) < F (A3) <F (Az)
1350 - 2000 F (A2) < F (DOy) < F (A20) < F (A3)
Al 1oHf25NbsSC10TizsZros at.% HEA

0- 1080 F (D01g) < F (A3) <F (A2) <F (Az)
1080 - 1100 F (A3) <F (DO19) < F (A2) < F (Az0)
1100 - 1150 F (A3) <F (A2) <F (DOg) < F (Az)
1150 - 2000 F (A2) < F (A3) < F (DO0sg) < F (Az)




Table 5

bcc hcp hcp hcp orthorhombic
quantity A2 A3 D019 average A
Al1sHf25SC10Ti2sZr 25 at.% HEA
B (GPa) 145 155 137 146 98
G (GPa) 80 99 78 86 40
E (GPa) 203 245 197 216 106
v 0.267 0.237 0.261 0.254 0.320
k 0.552 0.639 0.569 0.586 0.408
Hyv (GPa) 9.954 14.415 10.225 11.581 3.063
Al1oHf25NbsSCi0TizsZr2s at.% HEA
B (GPa) 150 146 144 145 98
G (GPa) 82 83 80 82 34
E (GPa) 208 209 203 207 91
v 0.269 0.261 0.267 0.262 0.345
k 0.547 0.568 0.556 0.566 0.347
Hyv (GPa) 10.003 10.686 10.064 10.520 1.562
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New dual phase Al1gHf25NbsScioTizsZr2s5 at.% high entropy alloys has been devel oped
Detailed experimental observations including SEM and TEM analysis confirm the
presence of twins within the hcp plates

Ab initio calculations show that hcp phases are energetically favored over the bec and
orthorhombic phases
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