Journal of Alloys and Metallurgical Systems 9 (2025) 100139

i 8

Contents lists available at ScienceDirect

ALLOYS
METALLURGICAL
SYSTEMS

Journal of Alloys and Metallurgical Systems

journal homepage: www.journals.elsevier.com/journal-of-alloys-and-metallurgical-systems

ELSEVIER

L))

Check for

An ab-initio, empirical and experimental study of phase stability of | el
HfTiVYZr refractory high entropy alloy

Vivek Kumar Pandey ™", B. Nageswara Sarma®, N.K. Mukhopadhyay *

2 Department of Metallurgical Engineering, Indian Institute of Technology (Banaras Hindu University), Varanasi 221005, India
b Department of Mechanical Engineering, School of Engineering, Presidency University, Bangalore 560064, India

ARTICLE INFO ABSTRACT

Keywords: Phase evolution and stability in an equiatomic quinary HfTiVYZr refractory high entropy alloy (RHEA) was
High Entropy Alloy studied. Prediction of phases that may form on the synthesis of the above alloy was made by using (i) Semi-
CALPHAD

empirical/empirical methods (based on extended Hume-Rothery rules), (ii) CALPHAD and (iii) ab-initio
methods. Enthalpy of mixing of HfTiVYZr high entropy alloy calculated using the Miedema model (AHpi, = 7 kJ.
mol™!) was close to the proposed range favouring the formation of single-phase solid solution ( —
10 < AHpy < 7kJ.mol~'). However, the size mismatch factor §(10.37 %) was unfavourable for forming the
single-phase solid solution. As per the prediction of the CALPHAD approach, three disordered HCP solid solutions
and one C15 type Laves phase (ZrV;) were found to be stable at room temperature, whereas the ordered BCC_B2
phase was identified to be stable above 1273 K. The DFT approach using a variation of the cluster expansion
method with fixed composition and cell size was adopted to study the phase stability of this refractory alloy.
Enthalpies of mixing of BCC and HCP structures were calculated for the distinct configuration of atoms on the
atomic sites using a ten-atom cell. The annealed alloy was examined by XRD, SEM and SEM-EDS. The annealed
sample shows the presence of two disordered HCP phases, namely, HCP1 (a = 3.18 & 0.02 A, ¢/a = 1.58) and
HCP2 (a = 3.67 4 0.02 1°\, c/a = 1.55), along with a BCC phase (a = 3.16 & 0.02 ./?\) and an ordered intermetallic
phase (Hf, Zr)V, (C15 type Laves phase, a = 7.41 + 0.02 A), which is in accordance with the theoretical pre-
dictions. The SEM-EDS mapping of the annealed sample shows that the major HCP1 phase contains Hf and Zr
predominantly along with some Ti.

Density Functional Theory
Vaccum Arc Melting
Characterization

1. Introduction

High Entropy Alloys (HEAs) [1,2], Multi-Principal Element Alloys
(MPEAs) [3] and Complex Concentrated Alloys (CCAs) [4] signify a
similar alloying concept. The multi-principal alloying concept explores
the otherwise unexplored central region of the multicomponent phase
diagrams. In the initial stages of the development of HEAs, it was con-
jectured that one would easily obtain solid solutions due to higher
configurational entropy. However, later work has shown that various
other factors such as enthalpy of mixing, atomic radius ratio and valence
electron concentration also control the formation of simple solid solu-
tions. A limited number of single-phase HEAs are reported to date. Gao
et al. [5] have proposed combining the phase diagram and ab-initio
methods to strengthen the search for single-phase HEAs. They suggested
that forming isomorphous solid solutions in the binary and ternary
subsystems would lead to single-phase HEAs in the higher component

systems.

The refractory high entropy alloys (RHEAs) were first reported in
2010 by Senkov et al. [6] as two equiatomic MoNbTaW and MoNbTaVW
quaternary and quinary alloys based on the refractory elements (Mo, Nb,
Ta, V, W). Both the alloys exhibited a single-phase BCC structure and
showed exceptional strength (~400 MPa) at 1873 K. Senkov et al. [7]
reported a single BCC phase in the equiatomic HfNbTaTiZr quinary HEA
synthesized by vacuum arc melting. Gao et al. [5] have studied
HfNbTaTiVZr by adding vanadium to the single-phase BCC forming an
equiatomic HfNbTaTiZr quinary system. They have checked the senary
system by inspecting binary and ternary phase diagrams and using
enthalpy of mixing for binary compounds found from density functional
theory (DFT). Pandey et al. [8] have obtained two BCC phases along
with minor amounts of ordered B2 and C15 type Laves phases
co-existing in the as-cast sample in MoTiVWZr RHEA. The primary BCC
phase (BCC#1) is rich in Mo and W (a = 3.17 £+ 0.02 10\), while the
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minor BCC phase (BCC#2) is rich in Zr and Ti (a = 3.65 + 0.02 f\). The
annealed sample shows a transformation of the disordered BCC phases
to the ordered B2 phases and an increase in the C15 Laves phase.

Most of the solid solution phases reported in HEAs have either BCC or
FCC structures [9-12]. The HEAs exhibiting single-phase HCP structures
are limited in number, a few examples of which are: DyGdLuTbY [13],
DyGdLuTbTm [13], DyHoGdTbY [14], HfLaScTiYZr [15] and AlHfSc-
TiZr [16]. Nagase et al. [17] have used the concept of liquid phase
separation to design a structure having two HCP phases in HfLaTiYZr
using mixing enthalpy data for the binary subsystems and phase dia-
grams constructed using Materials Project. They obtained Ti-Zr-Hf rich
dendritic phase and Y-La rich inter-dendritic phase in the as-cast ingot.
Fazakas et al. [18] fabricated TiZrHfNbV and TiZrHfNbCr RHEAs using
induction melting route. It is important to note that TiZrHfNbV alloy
formed a single BCC phase, whereas TiZrHfNbCr exhibited BCC as the
major phase co-existing with a small amount of NbCry and HfCry cubic
(C15) Laves phases. The structural and mechanical properties remained
unchanged up to 1173 K.

It can be seen that Ti, Zr and Hf are common elements among the
above-reported RHEAs exhibiting HCP and BCC phases. If Co, Cr, Mo, Nb
and Ta are added to Ti-Zr-Hf, then the HEAs can also be designed for
biomedical applications. Nagase et al. [19] have developed CrHfMoTiZr
and CoCrMoH(fTiZr as metallic biomaterials, which are claimed to have
better hardness and biocompatibility than the Ti-based alloys that are
currently being used for surgical implants. Calin et al. [20] have
developed HfNDbSiTiZr HEA as a magnetic resonance imaging compat-
ible metallic glass. This glassy alloy has ultralow magnetic susceptibility
and a superior X-ray attenuation coefficient.

Huang et al. [21] prepared three refractory alloys based on HfTiZr,
viz., HfScTiZr, HfTiYZr and HfScTiYZr HEAs. The addition of Sc to a
single HCP structured HfTiZr alloy resulted in a dual HCP structure,
having improved strength and ductility. While adding Y to the HfTiZr
alloy resulted in two HCP phases. The primary HCP phase is disordered
with a small amount of undissolved Y (HCP2). Adding Sc and Y to HfTiZr
alloy resulted in a dual HCP phase and a small amount of undissolved Y.

The DFT is used to solve complex many-particle Schrodinger equa-
tion; it acts as a powerful tool for predicting the formation of phases (e.
g., BCC, FCC and HCP) and their stability under different conditions. The
stability of these various phases is determined by the relative energy of
specific atomic arrangement on a given lattice type that can change with
concentration. The disordered solid solution cell can be designed mainly
by coherent potential approximation (CPA) [22], special quasirandom
structure (SQS) [23] and cluster expansion method [24]. The cluster
expansion method [24-27], has been widely used to study the mixing of
two (or more) atoms in an alloy phase with a given lattice symmetry by
changing the concentration of different atom types for computing the
relative energy by DFT calculation. Thus, we focus on the total energy
(or relative energy) on replacement of these sites’ occupation with the
different chemical species. Some most commonly used codes to build
cluster expansion are the Universal Cluster Expansion Code (UNCLE)
[26], Alloy Theoretic Automated Toolkit (ATAT) [28], and CLUPAN
[29].

Mu et al. [30] studied MoTiVZr, MoTaTiVZr, MoNbTaTiVZr,
CrMoNbTaTiVZr and CrMoNbTaTiVWZr alloy systems by employing the
ab-initio method to estimate formation enthalpy and cohesive energy to
examine the stability of the above refractory alloys. They have calcu-
lated the theoretical elastic constants and bulk modulus for alloy sys-
tems, which exhibit variation in mechanical anisotropy.

In the present study, we aim to study the phase stability of the HCP
phase by adding vanadium to previously studied HfTiYZr HEA. The
HfTiYZr alloy is forming a single-phase HCP solid solution along with a
small amount of undissolved Y. A theoretical and experimental inves-
tigation of HfTiVYZr RHEA is carried out in the present study to un-
derstand the evolution of phases and their stability. Since the C15 Laves
phase is very stable in Hf-V and Zr-V binary systems, it will be interesting
to explore the effect of V addition on the HfTiYZr HEA as the likelihood
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of Laves phase formation increases.
2. Computational method

Initially, the phases that may form in the chosen alloy system were
predicted by using semi-empirical Miedema’s model [31] and by
calculating binary phase diagrams for subsystems. The enthalpy values
of binary subsystems were extrapolated for the quinary system, using the
regular solution model. The other parameters that affect the stability of
the alloy, i.e., the entropy of mixing (AS;y), atomic size mismatch (5)
[32] and valence electron concentration (VEC) [33] were calculated
using the weighted average method.

In materials, there are various phases defined by an underlying
spatial lattice (e.g., BCC, FCC for many metals and alloys). The stability
of these phases is determined by the relative energy of the specific
arrangement of the individual atoms on a given lattice type, which also
can change with concentration. In the cluster expansion method,
because the underlying spatial lattice type remains largely constant
around the original positions of the nuclear coordinates (R;...... Rp), we
can focus on what happens to the total energy (or relative energy) if we
replace some atoms of a given species with another atom species for the
set of known atomic positions in the crystal. In this case, the energy (E)
becomes a simple function of the occupation of these sites by the
different chemical species (Z):

= Econf(Z1, ... Zm) ®

The cluster expansion method has been used by choosing a cell with
fixed composition and lattice sites. A 10-atom primitive cell of BCC and
HCP was chosen and 5 elements were distributed over 10 sites. The total
number of ways of arranging 5 elements over 10 atomic sites is equal to
1,13,400. A total of 22,680 structures were obtained by removing the
equivalent structures from the list. In a 10-atom BCC primitive cell, we
have considered pairs (up to 3™ neighbour distances) and triangle in-
teractions to obtain distinct structures. Thus, the number of distinct
working configurations was reduced to 5925. For the 10 atom cell in
HCP, we have considered pair interactions only up to 3rd neighbour
distances which resulted in a total of 11,040 distinct structures. Repre-
sentative cells in the case of BCC and HCP structures are shown in Figs. 1
and 2 respectively.

We have used Quantum Espresso software (version 6.4) for per-
forming the first principles calculations. Before starting the calculations
for the alloy systems, we have optimized the values of energy cut-off
(Ecut), k-points and the lattice parameters of the individual elements.
The energy cut-off of the calculations is fixed by converging the total
energy of the elements with respect to increasing Ecy¢ value. Similarly,
the k-points samplings must be tested with respect to energy

Fig. 1. : A representative structure of 10 atom primitive BCC cell over which 5
elements are distributed.
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Fig. 2. : A representative structure of 10 atom primitive HCP cell over which 5
elements are distributed.

convergence. The optimization of the energy cut-off and k-points needs
to be carried out because accuracy improves with increasing values of
these parameters but the computational burden in terms of calculation
time increases exponentially. The optimized values of E.,; and k-points
used in the calculations of the energies of HfTiVYZr are 45 Ry and
10x10x10 (in x, y, and z directions), respectively. The details of opti-
mization are presented in supplementary data attached.

3. Experimental techniques

We have taken elemental powders of Ti, V and Y from Alfa Aesar and
those of Hf and Zr from Otto Chemie Pvt. Ltd. having purity above
99.9 % and mechanically mixed them. The mechanical mixture of the
elemental powders was compressed using a hydraulic press under a 2-
tonne load to obtain a compressed pellet (10 mm diameter and 20 mm
height), which was melted in a vacuum arc furnace in an argon atmo-
sphere. Before melting the actual compacted powder, an electric arc was
struck on a small piece of Ti to ensure absorption of any oxygen present
in the chamber. The alloy button thus prepared was re-melted five times
to ensure proper mixing of the elements. The button has a diameter of
22 mm and a thickness of 5 mm. The button was cut into half using a
slow-speed precision cutter. The as-cast sample was annealed for 7 h,
and furnace-cooled to obtain equilibrium phases in the chosen alloy
system. The morphology of the annealed sample was examined using a
scanning electron microscope (FEI Quanta 200 F 20 kV) operated at
20 kV and equipped with an energy-dispersive X-ray spectrometer. The
XRD analysis was carried out on a Rigaku Mini flex-600 (40 kV-15 mA)
with Cu-K, radiation to analyze the phases formed in the prepared
sample.

4. Results
4.1. Phase prediction based on parametric and CALPHAD approaches

A few parameters were calculated based on the extended Hume-
Rothery rules for solid solution forming. These consisted of (i)
enthalpy of mixing (AH’,'{".X) for the binary subsystems using the Miedema
model, (ii) weighted average of atomic size mismatch (§) and (iii)
valence electron concentration (VEC). The enthalpies of mixing values
for the binary subsystems are shown in Table 1. It can be seen that Ti-Zr,
Hf-Ti and Hf-Zr have good mutual solubility, whereas Ti-V, V-Zr and Hf-
V have significant negative enthalpy indicating the formation of inter-
metallic phases. Y has a highly positive enthalpy of mixing with the
other elements of the group, meaning that Y may be immiscible with
other elements of the alloy. The enthalpy of mixing for the quinary alloy
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Table 1
Enthalpy of mixing (in kJ.mol ™) for all the binary sub-systems in TiVYZrHf HEA
computed using Miedema model.

Elements Ti v Y Zr Hf
Ti - -2 15 0 0
v -2 - 17 -4 -2
Y 15 17 - 9 11
Zr 0 —4 9 - 0
Hf 0 -2 11 0 -

(AHpe= 7 kJ mol™!) was calculated by extrapolating the enthalpy of
mixing of binary alloys using the regular solution model, as shown in
Table 2. The atomic size mismatch parameter was calculated using the
formula proposed by Fang [34]. This indicated severe lattice distortion
that is experienced by the parent lattice in a multicomponent system.
Zhang et al. [35] proposed that for the solid solution formation in any
alloy, the & parameter must be < 6.6. Valence electron concentration
(VEC) values represent the total number of electrons present in the
valence band and help in deciding the type of phases (BCC or FCC) that
may form. Guo et al. [33] reported that the formation of FCC phase was
favourable for VEC > 8, whereas single-phase BCC structure was ex-
pected for VEC < 6.8. For intermediate values lying in between the
specified range, a mechanical mixture of two phases (BCC+FCC) may
form.

Phase diagrams of the ten binary subsystems belonging to the qui-
nary RHEA have been calculated using Thermo-Calc software and SGTE
binary solution database version 5. The results are presented in Fig. 3. It
can be seen that Hf-Ti, Hf-Zr and Ti-Zr systems exhibit extended solu-
bility in the disordered HCP as well as in the BCC phases, whereas Hf-Ti,
Ti-V and V-Zr exhibit a small miscibility gap, resulting in a two-phase
mixture. It can be seen that wide miscibility gaps are present in the
Hf-Y, Ti-Y, V-Y, and Y-Zr phase diagrams as shown in Fig. 3. At room
temperature two-phase mixture of disordered HCP1 and HCP2 is present
in Ti-Y and Y-Zr phase diagrams, while BCC_B2 and disordered HCP
phases are present in Hf-Y and V-Y phase diagrams. No other Laves
phase except for ZrV, formed in the V-Zr phase diagram are present.

We have also collected phase diagrams from the Binary Alloy Phase
Diagrams handbook [36], which are shown in Fig. 5. It may be noted
that there are considerable differences in the Hf-V and Hf-Y phase dia-
grams calculated using Thermo-Calc software and those given in Mas-
salski’s handbook. The discrepancy in the computed binary phase
diagrams of Hf-V and Hf-Y systems is due to the fact that the
Thermo-Calc database used might not have been optimized for these
systems.

The equilibrium diagram of the chosen quinary alloy system was
calculated using Thermo-Calc software and SGTE binary solution data-
base version 5 and is presented in Fig. 4. The quinary phase diagram
shows that above 1200 K, only the BCC_B2 phase is stable, while below
500 K, three HCP and one Laves phase are stable. The liquidus and
solidus boundaries of the TiVZrYHf HEA are at temperatures ~1900 K
and ~1800 K, respectively. The BCC_B2 phase is the first solid phase that
gets precipitated from the liquid phase. At ~1200 K, a disordered
HCP_A3 gets precipitated from BCC_B2 which is followed by precipita-
tion of another disordered HCP_A3#2 phase at 1000 K. Due to the
diffusive nature of transformation of the BCC_B2 into HCP_A3 and
HCP_A3#2, the amount of B2 phase decreased, and the disordered phase
increased. At ~ 500 K, all the BCC_B2 transformed into three disordered
HCP phases and ZrV; (cubic Laves phase). The single-point equilibrium

Table 2
Phase stability parameters calculated using semiempirical approaches, showing
phase separation tendency in the quinary alloy system.

AHpi(kJ.mol ™) ASpix(J.mol 'K™) 5% 100(%) VEC

7 13.38 10.37 4
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Fig. 4. : Plot of the number of equilibrium phases as a function of temperature
in TiVYZrHf RHEA. The phase diagram shows a single BCC_B2 structure above
1200 K and a mixture of three disordered HCP phases and the C15 type Laves
phase below 227 K.

calculations done at three temperatures are tabulated in Table 3.

4.2. Phase stability study using DFT

Phase stability of the chosen alloy (TiVZrYHf) was examined using
DFT. A 10-atom BCC primitive cell was selected to calculate the mini-
mum energy of formation for the quinary RHEA, as shown in Fig. 1.
Similarly, a 10-atom cell of HCP was selected, as shown in Fig. 2. Now
the arrangement of the atoms was changed, and the energy of each
distinct configuration was calculated. The minimum and the maximum
energies of formation are given in Table 4. The critical temperature of
the miscibility gap (the consolute point) is calculated by the assuming
regular solution model using the formula [37]

Q

T. = R (5.1)
where @ is the interchange energy parameter (in J mol™), R the gas
constant (in J mol’! K'l), and T, represents the temperature in Kelvin.
The formation energy of a few possible intermetallic phases is also
calculated and reported in Table 5. The two intermetallics HfV, and
ZrVy were taken from the binary phase diagrams, and the formation
energy for these phases was calculated. As Hf and Zr are completely
miscible, we also checked the possibility of forming the ternary Laves
phase. The formation energies of these ordered phases have only very
small differences, showing that the (Hf, Zr)V, has minimum energy.
Thus, we have considered the formation of the ternary Laves phase in
the alloy and indexed it in the XRD pattern.

4.3. Characterization of the annealed sample

The as-cast sample was annealed for 7 h and furnace cooled to ensure
formation of equilibrium phases. Then XRD of the annealed sample was
done to determine the crystal structure of the phases present, as shown
in Fig. 6. From the figure, we can identify three disordered and one
ordered phase. The three disordered phases are HCP1 (a = 3.18
+0.02 A, c/a=1.58), HCP2 (a = 3.67 + 0.02 A, ¢/a = 1.55), and BCC (a
=3.16 £ 0.02 10\), while the ordered one is (Hf, Zr)Vy (C15 type Laves
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phase, a = 7.41 + 0.02 A).

The morphology and microstructure of the annealed sample were
examined by SEM, as shown in Fig. 7. From the figure, we can clearly
identify three types of microstructures, namely, the major phase marked
as 1, the eutectic kind of lamellar phase marked as 2, and the droplet
structure (dendrites parallel to the plane of figures) marked as 3. The
intergranular boundary of the major phase contains a thin solidified
liquid phase marked as 4. To examine the overall composition of the
bulk sample full area scan was done to obtain the average composition of
the bulk phase, as shown in Fig. 8. All the elements were evenly
distributed except Y. The spot analysis of the two varying microstruc-
tures was done, as shown in Figs. 9 and 10. Fig. 9 deals with the
composition of the primary phase, showing Hf and Zr rich phase with
some quantity of Ti alloyed in it. Fig. 10 deals with the lamellar
microstructure formed in the alloy, which contains all the elements
except Y.

5. Discussion

Parametric calculations were done to understand the initial behav-
iour of the chosen alloy. The enthalpy of mixing plays an important role
in investigating the effect of the thermodynamics on the constituent
elements’ behaviour in the alloy. The enthalpy of mixing for the binary
subsystems was calculated using Miedema’s model [31]. The mixing of
enthalpy values is tabulated in Table 1. On investigating the values, it
can be seen that all the elements have good mutual solubility among
themselves except with Y. The V-Zr and Hf-Zr binary systems have sig-
nificant negative enthalpy values, indicating the chances of forming
intermetallic phases. The enthalpy of mixing values of the chosen alloy
was calculated using the extrapolation of binary values to a quinary
system using a regular solution model [38]. The calculated enthalpy of
mixing value (7 kJ. .mol"l) is shown in Table 2. The atomic size mismatch
plays a critical role in the stability of the system. The weighted average
of the atomic size mismatch, as tabulated in Table 2, is higher than the
desired value, this may destabilise the lattice, and a multiphase micro-
structure may form. The solid solution forming criteria, as proposed by
Zhang et al. [35], was matched with the calculated values of AH;; (7 kJ.
mol ™), ASyix(13.38 J.mol’l.K'l), § (10.37 %) and VEC (4). In compari-
son, we found that AH,; and & being out of the given range resulted in
the multiphase microstructure.

Examining the binary phase diagrams calculated using Thermo-Calc
(Fig. 3) and taken from the Binary Alloy Phase Diagrams book (Fig. 5),
we found similar results as predicted by the Miedema method. From
phase diagrams, it can be pointed out that Hf-Ti, Ti-Zr, and Hf-Zr show
isomorphous phase diagrams, while Hf-V and V-Zr show ordered in-
termetallics (C15 type Laves phase) at room temperature. The Ti-V
phase diagram has some tendency of phase separation. Simulta-
neously, the binary phase diagrams of the Y with other constituent el-
ements have a high miscibility gap (up to the liquid phase).

The XRD analysis of the annealed sample (Fig. 6) shows four types of
phase formation (HCP1, HCP2, BCC1 and C15 Laves phases). The HCP1
(a=3.18 £ 0.02 A, ¢ =5.02 + 0.02 A) is the major phase. The SEM-EDS
mapping shows that the primary phase is rich in equiatomic type Hf-Zr
solid solution with a small amount of Ti. The second type of morphology
is shown in Fig. 7, representing a eutectic kind of reaction (lamellar
structure). The SEM-EDS compositional analysis illustrates the presence
of all elements except Y (Fig. 10). We may predict that the lamellar
portion consists of (Hf, Zr)V, and Ti-V phase on comparing the XRD and
SEM-EDS results. The fourth HCP2 phase is Y rich phase, which solidi-
fied, at last forming a droplet-like microstructure as shown in SEM
micrographs.

The formation of a multiphase matrix was also supported by DFT
calculations shown in Table 4. The critical point of the miscibility gap
calculated using DFT calculation and the regular solution model is
~1434 K (1161 °C), while the prediction of CALPHAD shows precipi-
tation of the new phase at ~ 1000 °C. The discrepancies may be due to
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Fig. 5. : Phase diagrams of all the binary subsystems taken from the Binary alloy Phase Diagrams handbook [36] and Landolt-Bornstein database (a) Hf-Ti (b) Hf-V
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Table 3
Composition of all the phases formed at 300 K, 700 K and 1100 K in mole fraction estimated by single point equilibrium calculation of TiVYZrHf RHEA.
Temp (K) Equilibrium Phase Mole fraction Ti v Y Zr Hf
300 HCP_A3#1 0.169 0.070 0.080 0.394 0 0.455
HCP_A3#2 0.217 0.037 0 0 0.498 0.464
HCP_A3#3 0.338 0.532 0.007 0.395 0 0.066
C15_7ZrV, 0.276 0 0.667 0 0.333 0
700 HCP_A3#1 0.359 0.203 0.020 0.004 0.540 0.233
HCP_A3#2 0.420 0.223 0.162 0.372 0.011 0.230
BCC_B2 0.221 0.151 0.562 0.191 0.006 0.089
1100 BCC_B2 0.782 0.213 0.242 0.248 0.108 0.188
HCP_A3#1 0.218 0.154 0.047 0.026 0.529 0.243
Table 4 =
. s = v- HCP1
Energy of formation for 10 atoms primitive cell and HCP cell are calculated, and o
the maximum and minimum values are tabulated. As the formation energy is M ¢-(Hf, Zr)V,
significantly positive, we have calculated the miscibility gap’s critical temper- *- BCC
ature using a regular solution model. - HCP2
Phases BCC HCP - s
s ~ = a
Minimum Maximum Minimum Maximum 55’ E E =
- ’ ~
TiVYZrHf (kJ.mol ') 30.973 42.380 23.845 39.644 é‘ * 8 : *
Critical point (K) 1863 2549 1434 2384 2 = S ]
2 S v To
£ o S @
af ST =
Table 5 : ry : ' S
Formation energy (kJ.mol!) of possible intermetallics taken from phase dia- L
grams are calculated using DFT. M
Phases HfV, ZrvV, (Hf, Zr)V,
Formation Energy (kJ.mol™ 1) —11.897 -10.777 —11.391 T T T T T T T T
20 40 60 80 100
20

Table 6

Prediction of lattice parameter based on the rule of mixture. The lattice
parameter of TiZrHf is predicted based on the composition of the major phase
obtained from SEM-EDS (Figs. 8, 9 and 10), while that of TiV is assumed to be the
equiatomic phase.

Elements BCC FCC HCP Lattice Lattice
a a a c/a parameter (;\) parameter (10\)
A A & (TiZrHf) (TiV)

Ti 324 411 2.94 1.58 3.16 3.13

v 3.02 381 2.95 1.63

Y 349 505 3.65 1.55

Zr 3.57 452 323 1.59

Hf 3.08 444 319 1.58

the unavailability of the assessed data of three binary systems (Hf-Y, Ti-
Y, and V-Y) in the SSOL5 database of Thermo-Calc software. The
strongly positive enthalpy values indicate phase separation and forma-
tion of binary and ternary phases. The CALPHAD database used in the
present investigation is not updated one. The databases included in
Thermo-Calc software are based on the conventional one principal
element-based alloy system. Lots of efforts are being made to update
these older databases with new strategy of multi-principal alloy systems.
We expect that in future DFT assisted modification may be done in the
database to increase the accuracy of the phase prediction using CAL-
PHAD for the present alloy system. In the present investigation, CAL-
PHAD software was used to predict the possible phases that may form,
and then this was verified by the stability study of those phases using
DFT. Thus, the phase stability of binary phases was examined by
calculating their formation energy (Table 5). By examining the phase
diagrams and the binary enthalpy values we came to know about the
possible intermetallic phases that may exist in the present quinary alloy
system. However, CALPHAD indicates that binary Laves phase may form
in the investigated alloy system, but the Hf and Zr phase diagram
analysis developed curiosity to examine the ternary Laves phases also.
The calculations indicate the possibility of formation of the ternary

Fig. 6. : Phases evolved after annealing the as-cast sample for 7 h encapsulated
in an argon-filled quartz tube at 900 °C.

Laves phase (Cubic type). The lattice parameters of all elements were
calculated using DFT (for FCC, BCC and HCP phases). The composition
of the primary phase is examined through SEM-EDS (TiZrHf). Applying
the rule of mixture using composition from SEM-EDS and the lattice
parameter from DFT, the lattice parameter of the TiZrHf disordered
phase is predicted to be equal to 3.16 A. Assuming the BCC phase to be
equi-atomic, we have predicted the lattice parameter to be equal to
3.13 A. The predicted lattice parameters are in accordance with the
calculated parameters from XRD.

6. Conclusions
The following conclusions can be drawn from the present work

1. Enthalpy of mixing of TiVYZrHf high entropy alloy was calculated
using Miedema model (AHpix = 7 kJ.mol’l) found to be close to the
proposed range favouring the formation of single-phase solid solu-
tion ( — 10 < AHpi < 7kJ.mol~!). However, the size mismatch fac-
tor 5(10.37 %) was on the higher side unfavourable for the formation
of the single-phase structures. Similarly, the enthalpy of mixing
calculated using DFT (AHET = 23.845 kJ.mol ') with the minimum
value for the HCP phase was obtained.

2. As per the prediction of the CALPHAD approach, three disordered
HCP and one Laves phase (ZrV3) were found to be stable at room
temperature, whereas the BCC_B2 phase was identified to be stable
above 1000 °C.

3. Annealed samples showed the presence of two disordered HCP1(a =
3.18 4+ 0.02 A, c/a = 1.58) and HCP2 (a = 3.67 + 0.02 A, c/a =
1.55), along with BCC (a =3.16 + 0.02 f\) and the ordered (Hf, Zr)V,
phase (C15 type Laves phase, a = 7.41 & 0.02 A) supporting the
theoretical prediction. The SEM-EDS mapping of the annealed
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Fig. 7. : SEM micrographs of an annealed sample. The area marked 1 represents the primary phase, while the area marked 2 illustrates the eutectic kind of lamellar
phases formed. The area pointed as 3 represents the phase that solidified the last forming droplet kind of structure, while the thin boundary marked as 4 represents
the liquid phase between grain boundaries that solidify after the formation of the primary phase.

Element | Atomic %

7.02¢;
6.24K
546K

468«

3.12¢

234K
156K
078K
0.00%

Lsec: 500 0Cnts 0.000 keV Det: Element C28

Fig. 8. : SEM-EDAX of the annealed sample. A full area scan is done to obtain the average composition of the bulk sample.

sample revealed that the major phase HCP1 contains predominantly
Hf and Zr along with some amount of Ti.

4. Applying the rule of mixture using composition from SEM-EDS and
the lattice parameter from DFT, we have predicted the lattice
parameter of the TiZrHf disordered phase to be equal to 3.16 A.
Assuming the BCC phase as equi-atomic, we have predicted the lat-
tice parameter to be equal to 3.13A. The predicted lattice

parameters are in very good agreement with the parameters deter-
mined from XRD, namely, 3.18 A and 3.16 A, respectively.
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