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Abstract 

 

Refractory high-entropy alloys (RHEAs) inherently have a high potential to form 

topologically close-packed (TCP) Laves phases. Phase engineering to control the amount and 

type of TCP-Laves phases plays an important role in physical and mechanical properties of 

RHEAs. The present investigation addressed key parameters to TCP-Laves phase formation in 

RHEAs by considering thermodynamic calculations and empirical relations. Two novel 

TiVCrZrCo and TiVCrZrFe RHEAs were designed and fabricated as alloy models with high 

melting points (>2000 K) and relatively low density (~6.5 g.cm-3) with multiphase 

microstructure including BCC matrix together with C14 and C15 Laves phases. Existence of 

atoms such as V, Co, Cr and Fe together with Zr, Ti, Nb and Hf refractory elements promote 

TCP-Laves phase formation. Very negative values for mixing enthalpy of atom pairs (ΔHmix) 

and remarkable differences between atomic sizes of the constitutive elements (δ) are key factors 

in Lave phase formation in multicomponent alloys. The empirical parameters including ΔHmix 

and δ must be in the defined range of −20 ≤ ΔHmix ≤ -3 kJ.mol-1 and 4 <δ < 10 to appear Laves 

phase in the microstructures of HEAs. TCP-Laves phase formation led to increase and decrease 

in hardness and fracture toughness, significantly. The understanding of key factors in RHEAs 

design can lead to phase engineering and the fabricated alloys with a desirable amount of TCP-

Laves phase, which are suited for hydrogen storage applications or for applications in harsh 

operating environments exposed to high temperatures, irradiations, wear, and erosion. 
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1. Introduction 

 

Refractory high-entropy alloys (RHEAs) containing refractory elements such as W, Nb, Mo, 

Zr, Ta, Hf, V, Cr and Ti in near-equiatomic or equiatomic compositions were introduced to the 

engineering world as potential materials to substitute the conventional materials for harsh 

operating environment [1,2]. These alloys are the subclass of high-entropy alloys (HEAs) which 

have been studied significantly during the last two decades due to their main important 

advantage which is formation of a solid solution with simple crystal structure in a wide 

temperature range [3–5]. These RHEAs possess remarkable high temperature mechanical 

properties such as high strength, high hardness and high wear resistance [6,7]. Moreover, good 

oxidation resistance and exceptional corrosion resistance make them attractive for high 

temperature applications [8,9]. However, the potential and advantage of secondary phase 

formation were shown in many HEAs in order to improve the mechanical properties [10–12]. 

For example, a combination of strength and ductility was achieved in well-known HEAs such 

as CoCrFeNiMn and Al0.3CoCrFeNi due to formation of controlled amount of B2 phases in the 

FCC matrix or Laves phase formation in CrFeNiNb0.158 HEA led to higher yield strength due to 

precipitation hardening mechanism [5] [11] [12]. Nevertheless, decomposition of HEAs in some 

temperature ranges leads to formation of undesirable precipitates such as formation of close-

packed Frank–Kasper or topologically close- packed (TCP) phases which significantly 

deteriorate ductility (e.g., formation of sigma and Laves phases in HEAs). These topologically 

close pack (TCP) phases, also known as Frank-Kasper (FK) phases, formed complex 

crystallographic structures which are classified into low and high polyhedral groups based on 

their coordination numbers (CN) referring to the number of atom centering the polyhedron 

[13,14]. There are some reports on the effect of these hard brittle phases on improving the 
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strength, hardness, and wear resistance of HEAs at the expense of reducing ductility [10,15]. 

RHEAs inherently have a high potential to form TCP phases such as sigma (σ), mu (µ) , or 

Laves phases due to their constituent elements during solidification or after exposure to specific 

temperature range [16–18]. These phases have an important role on the physical and mechanical 

properties of RHEAs. Among TCP crystal structures, Laves phase with AB2-type stoichiometry 

which crystallize with the hexagonal C14 (MgZn2) structure, the cubic C15 (MgCu2) structure, 

or the dihexagonal C36 (MgNi2) structure are the most frequent intermetallic compounds in 

these alloys [19,20]. The coordination numbers (CN) of Frank–Kasper polyhedra in AB2 Lave 

phase contain 16 for the larger A atoms and 12 for the smaller B atoms [19]. These Laves phase 

may deteriorate the mechanical properties due to their noticeable hardness and brittleness 

[19,21]. However, there are some reports denoting advantages of Laves phases on enhancement 

of the high- temperature strength and creep-strengthening of high-temperature alloys [19,22]. 

Furthermore, these phases proved to be beneficial in some applications, including being utilized 

as magneto- mechanical sensors, wear-and-corrosion-resistant coatings, superconducting 

materials and hydrogen storage material [19,23]. Formation of unwanted Laves phases in 

Superalloys as advanced material for high temperature applications like gas turbines, especially 

in Ni- and Co- based superalloys, have also been reported earlier which resulted in degradation 

of mechanical properties [24,25]. In contrast, a study on Inconel 718 showed a certain amount 

of small and granular Laves phase found to be beneficial for the room temperature tensile 

properties. It is worth noting that the influence of Laves phases in superalloys highly depends on 

sizes and morphologies of Laves phase precipitates [26]. It is well established that materials 

containing Laves phase have a potential for hydrogen storage material due to their appropriate 

tetrahedral interstitial sites and the possibility to form a Lave structure with elements having a 
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strong affinity for hydrogen (so- called A-type elements: Zr, Nb, V, etc.) [27]. In addition, Laves 

phases could significantly increase pathways for diffusion of hydrogen and lead to reversible 

hydrogenation, dehydrogenation and fast kinetics [28,29]. 

There are many factors that influence TCP phase formation in RHEAs including atomic size 

difference parameter (δ), mixing enthalpy (ΔHmix) and Valence electron concentration (VEC) 

[30– 34]. The enthalpy of mixing and the difference in atomic size are decisive stable phase 

formation in HEA, however, VEC mainly affects the phase transition in HEA [34]. It is possible 

to encourage or suppress formation of TCP-Laves phase by controlling chemical composition 

according to the purpose of alloy design and intended application. Based on the above 

perspective on the importance of Laves phase formation on the behavior of RHEAs, the present 

investigation was conducted to address key parameters leading to TCP-Laves phase formation 

in RHEAs by considering thermodynamic calculations and empirical relations. Accordingly, 

two novel equiatomic RHEAs were designed, fabricated and studied to validate the related 

parameters on alloy design. It is a step forward to a fundamental understanding of RHEAs in 

order to apply microstructure and phase engineering to develop a high-performance material 

for different applications such as hydrogen storage and high temperature structural components. 

2. Methodology 

2.1. Empirical relations and thermodynamic aspects to predict Laves phase formation in RHEAs 

 

Several thermodynamic parameters and critical values based on empirical relations have 

been proposed to predict the formation of different phases in HEAs, such as entropy of mixing 

(∆Smix), enthalpy of mixing (∆Hmix), atomic radius difference (δ), and valence electron 

concentration (VEC) which are defined earlier [30–32,35–38]. It was well-established that a 

dual-phase HEA (solid solution together with an intermetallic compound) is expected to form 
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at −20 ≤ ΔHmix ≤ -3 kJ.mol-1 and 4 <δ <10 [31,32]. The large δ leads to excess strain energy 

which leads to the instability of simple structures [5]. In addition, It have been reported that the 

BCC phases are stable in VEC⩽6.78, while the FCC solid-solution phases are stable at a VEC 

value larger than 8 [33]. It was expressed earlier that d-electron bonding is related to stability 

of TCP phases. The average value of the d-orbital energy level (Md) is defined by following 

equation [39]: 

𝑀𝑑
̅̅ ̅̅ = ∑ 𝑐𝑖(𝑀𝑑)𝑖

𝑛
𝑖=1 ,          (1) 

where Ci is the atomic fraction of component i in the alloy, and (Md)i is the d-orbital energy level 

of ith element [39,40]. These parameters were investigated to predict the formation of dual phase 

including BCC solid solution and intermetallic compounds in RHEAs considering the Ti, Zr, V, 

Cr, Fe and Co elements. Thermo-Calc 2019b software based on the CALculation of PHAse 

Diagrams (CALPHAD) method was used to predict the diagram phases as a function of 

temperature in quinary RHEAs. 

2.2. Experimental methods 

 

Transition elements of Ti, Zr, V, Cr, Fe and Co were utilized to make two equiatomic quinary 

alloys including TiVCrZrCo and TiVCrZrFe RHEAs. The alloys were fabricated by vacuum 

arc melting method. High-purity materials (>99.9%) were charged in a water-cooled copper 

crucible for alloy making with a total mass of ~30 g. The materials melted in the shape of a 

button, flipped and remelted several times to achieve acceptable homogeneity. Chemical 

composition of each alloy was examined using X-ray fluorescence (XRF) analysis under a 

vacuum atmosphere in Philips (PW2404) spectrometer. Phase constituents were determined 

using X-ray diffraction (XRD) employing Cu Kα radiation (wavelength λ = 0.154 nm) at 45 kV 

and a tube current of 200 mA. XRD measurements were performed over the 2θ range from 30° 
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to 80° using a Philips (X´pert MPD) diffractometer. Vickers microhardness measurements were 

taken under a load of 500 gf with a dwell time of 15 s. Each of the hardness values reported in 

this study represents the average of five individual measurements. Fracture toughness of the 

alloys was measured based on the Vickers microhardness measurements. The microstructural 

observations and chemical analyses of the alloys were carried out using a MIRA3 TESCAN field 

emission scanning electron microscopy (FE-SEM) equipped with Oxford Energy Dispersive X-

Ray Spectrometer with a limit of detection over 5000 ppm. The samples were prepared for FE-

SEM analysis by grinding up to 2500 grit SiC paper followed by polishing using a 300 nm 

alumina suspension to achieve a mirror-like surface finish. 

3. Results 

 

3.1. Alloy design and theoretical results 

Figure 1 represents the atomic radius and the mixing enthalpy (∆Hmix) of atom pairs between 

each constitutional element of Ti, Mo, Zr, Hf, V, Cr, W, Fe, Nb and Co [30,41]. It indicates that 

mixing enthalpy of Co with Nb, Hf, Ti and Zr elements and mixing enthalpy of Fe with Nb, 

Hf, and Zr elements shows very negative values (lower than -15 kJ.mol-1) which promotes 

intermetallic compounds formation in alloys containing these elements [33]. An ideal radius 

ratio in the closest packing of Laves phase is rA/rB < 1.225 [42,43]. However, the actual size 

ratios of the atoms that form the binary Laves phase are between 1.05 and 1.70, for instance, 

the common TiCr2, ZrCo2 Lave phases have the atomic ratio of 1.13 and 1.28 respectively [44]. 

It is important to note that the δ parameter based on atomic radii is a key factor in Lave phase 

formation in multicomponent alloys. In addition, the atomic size factor is a key to realizing the 

site-substitution of elements in Laves phases, thus, higher atomic radii in Zr, Mo, Hf, Nb, W, 

and Ti refractory elements could places on A site, while lower atomic radii V, Co, Fe Cr 
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elements could substitute B site [26]. Basically, the addition of elements with high mixing 

enthalpies in HEA can lead to variations in phase stability and encourage formation of 

multiphase alloys [34]. For example, the mixing enthalpy atom pairs between Zr and Co 

refractory elements showed the most negative value with, -40.3.mol-1 which confirms the 

tendency of elements to form a compound. In addition, the higher atomic ratio facilitates the 

formation of TCP Laves phase, thereby, Zr and Hf elements with the highest atomic radii with 

1.60 and 1.58 Å and Co, Cr and Fe with the lowest atomic radii with 1.25, 1.25, 1.24 Å have a 

higher probability to form intermetallic compounds. According to the above elements and noted 

parameters, two novel equiatomic TiVCrZrCo and TiVCrZrFe RHEAs were considered and 

fabricated as alloy models to validate the related parameters on alloy design and study the 

potential of TCP-phase formation. 
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Fig. 1 The mixing enthalpy (ΔHmix) in kJ.mol-1 of atom pairs between each constitutional 

element and atomic radii (Å) of each element. 
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Fig. 2 Thermodynamic prediction diagrams of (a) TiVCrZrCo and (b) TiVCrZrFe RHEAs 

using Thermo-Calc software. 

 

 

 

Figure 2 demonstrates the results of the Thermo-Calc predictions on phase formation and 

phase stability for TiVCrZrCo and TiVCrZrFe RHEAs at temperatures higher than 773 K. 

These predictions reveal multiple phases in a wide range of temperatures in both studied alloys. 

The results confirm the existence of the BCC phase together with TCP-Laves phases (C14 and 

C15) in both HEAs which the latter phases are stable up to the melting point. The C14 is 

hexagonal structure with space group P63/mmc and the C15 is face-centered cubic structure with 

space group Fd3m. The two types of Laves phase are related to each other due to different 

stackings of a basic unit [45]. Close inspection of results indicates formation of NiTi2-type 

intermetallic compound which could be Ti2Co in the Co-containing RHEA. 

3.2. Microstructure evaluation of fabricated RHEAs 

The chemical compositions of equiatomic TiVCrZrCo and TiVCrZrFe RHEAs were 

examined by XRF and EDS analyses and the results summarized in Table 1. The reported results 

clearly indicate that the chemical compositions of the fabricated RHEAs are very close to the 

nominal compositions. The XRD patterns of as-cast alloys represented in Fig. 3 confirm the 
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existence of the TCP-Laves phase together with BCC phase in the microstructures. In addition, 

two peaks corresponding to the Ti2Co phase are visible in the XRD pattern of the TiVCrZrCo 

RHEAs which is in agreement with the thermodynamic predictions. Volume fraction and lattice 

parameter of detected phases were calculated and the results were summarized in Table 2. The 

volume fraction of phases were estimated from SEM micrograph using ImageJ software. As it 

is expected, the lattice parameter of intermetallic compounds including Laves phases are higher 

than BCC phase and the calculation confirms that volume fraction of BCC phase is higher than 

TCP Laves phases in both alloys. 

 

Table 1 Chemical composition of RHEAs measured by XRF and EDS. 

Nominal 

Composition (at%) 

Chemical Composition(at%) 

 

Ti 

 

V 

 

Cr 

 

Zr 

 

Fe 

 

Co 

 

 

 

Ti20Zr20V20Cr20 Fe20 

XRF 20.9 ±0.3 17.6 ±1.0 21.4 ±0.9 21.1 ±0.4 19.0 ±0.8 _ 

EDS 20.5 ±0.0 19.0 ±0.2 19.6 ±0.1 23.3 ±0.7 17.6 ±0.4 _ 

 

 

 

Ti20Zr20V20Cr20Co20 

XRF 23.7 ±0.5 16.9 ±1.0 17.4 ±0.3 20.7 ±0.0 _ 21.4 ±1.2 

EDS 21.4 ±0.1 19.6 ±0.3 17.1 ±0.4 22.5 ±0.4 _ 19.4 ±0.4 
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Fig. 3 X-ray diffraction patterns of designed alloys. 

 

 

 

Table 2 Phase volume fraction and lattice parameters of detected phases in two RHEAs. 

Alloy Phase Phase volume fraction (%) Lattice parameter (Å) 

TiVCrZrFe 
BCC 57.82 2.991 

Laves phases 42.18 7.014* 

 

TiVCrZrCo 

BCC 60.80 3.035 

Laves phases 34.96 6.997* 

Ti2Co 4.24 6.725 

*Measured for C15 Laves phases 

 

 

Figure 4 represents FE-SEM backscattered electron images of TiVCrZrCo and TiVCrZrFe 

RHEAs in the as-cast condition. These investigations show a cellular microstructure with two 

segregated phases at intercellular in both alloys. The higher magnification images together with 

EDS elemental maps are illustrated in Fig. 5. These elemental maps clearly reveal the 

partitioning of elements between cellular and intercellular regions with heavy elements Zr and 

Cr enriched at the cellular (bright phase) and lighter element Ti enriched at intercellular (dark 
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phase). However, homogenous distribution of V is visible in the microstructures of fabricated 

RHEAs. FE-SEM backscatter electron micrographs at higher magnification together with 

chemical analyses of the studied microstructures are illustrated in Fig. 6. The elemental 

concentrations for the different observed microstructures, as determined by EDX and given in 

at.%, are quoted in the figures for each region showed by arrows. These results show formation 

of two different Ti-rich phases including TCP-Laves phases and Ti2Co phase in TiVCrZrCo at 

the intercellular region. The suggested stoichiometry of complex Lave phases are 

(Zr,Ti)(Co,V,Cr,Ti)2 and (Zr,Ti)(Fe,V,Cr,Ti)2 in TiVCrZrCo and TiVCrZrFe RHEAs, 

respectively. The present microstructural analyses show good agreement with XRD results and 

Thermo-Calc predictions. 

 

 

 

Fig. 4 FE-SEM backscatter electron images of (a) TiVCrZrFe and (b) TiVCrZrCo RHEAs. 



13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 SEM backscatter electron images together with corresponding EDS elemental maps of 

(a) TiVCrZrFe and (b) TiVCrZrCo RHEAs revealing distribution of elements in the 

microstructures. 
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Fig. 6 Microstructure and chemical analyses of as-cast (a) TiVCrZrFe and (b) TiVCrZrCo 

RHEAs. 

 

 

Microhardness measurements represent a high value of 748±17 and 692±24 Hv for 

TiVCrZrCo and TiVCrZrFe RHEAs, respectively. Complex microstructures including TCP 

phases are responsible to achieve such a high level of hardness in the investigated alloys. The 

fracture toughness values (K) for both RHEAs were calculated using the microhardness value 

from the following equation [46]: 

K=0.016(√𝐸/𝐻) P/𝐿3/2 

where P is the load, H the hardness value, L the average crack length and E the Young’s 

modulus. It is important to note that the Young’s modulus of each alloy was anticipated as 120 

GPa using mixture rule [47–49]. The L value was taken from the average of four crack lengths 

at the corner of the five different indents from the optical micrograph (represented in Fig. 7). 

The formation of cracks during microhardness measurement confirms brittleness of two alloys 

due to the existence of a high volume fraction of TCP-Laves phase in the microstructures. The 

quadruple- phase TiVCrZrCo RHEA showed higher hardness and lower value of fracture 

toughness (1.18 MPa.m0.5) compared with the triple-phase TiVCrZrFe RHEA (1.42 MPa.m0.5). 
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Fig. 7 Indentation deformation and cracks morphology in (a) TiVCrZrFe and (b) 

TiVCrZrCo. 

 

 

4. Discussion 

 

4.1. Correlation between microstructure and thermodynamic parameters 

 

Prediction of phase formation in alloys such as TCP phases in RHEAs is the key factor in 

alloy designing based on requirements for the specific application. The thermodynamic 

parameters of entropy of mixing (∆Smix) and enthalpy of mixing (∆Hmix), together with important 

elemental and physical functions of atomic δ, VEC, Tm (melting point) and ρ (density) were 

calculated for the designed and some other RHEAs and summarized in Table 3 in order to show 

the validation of the key parameters in prediction of phase formation in RHEAs [34,50]. It is 

important to note that melting point and density are two important parameters in RHEAs which 

fit them for high- temperature applications [51]. Studied RHEAs showed a wide range of 

densities from ~5.58 to 16.68 g.cm-3, with most having a density of >8 g.cm-3, which is almost 

higher than the density of conventional Ni-based superalloys alloys [52]. Accordingly, designing 

RHEAs with low densities, avoiding adding high density elements such as W, Ta and Mo is 

essential for making them ideal for potential applications of stationary structures or even 
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aerospace applications [53]. Close inspection of Table 3 reveals that the designed alloys in the 

present investigation show high melting points and relatively low densities. In addition, the 

presented results suggest that there is a good agreement between the melting points of alloys 

calculated by the rule of mixtures and Thermo-Calc predictions (Fig. 2). The calculated critical 

parameters including −20 ≤ ΔHmix ≤ -3 kJ.mol-1, 4 <δ < 10 suggest formation of secondary 

phases in the designed RHEAs. According to the empirical value of δ, formation of multiphase 

microstructures containing TCP phases is expected in most of the alloys reported in Table 3. It 

is expected that the tendency of secondary phase formation increases by decreasing and 

increasing the ΔHmix and δ values. The VEC value of RHEAs is less than 6.78 which indicates 

the formation of a BCC solid solution. It was reported earlier that a single-phase C14 Lave phase 

can form HEAs when the VEC value is 6 to 7 and C14 Lave phase coexists with the BCC phase 

is predictable when this value is lower than 6 [19,54– 59]. Close inspection Table 3 confirms 

this idea. However, it is reasonable to anticipate that the Laves-phase formation in HEAs is 

determined by difference between atomic sizes of the constitutive elements of the alloy [19,60]. 

In the case of the d-orbital energy level (Md), it was reported that Md > 1.09 leads to the 

formation of TCP phases in the microstructure [61]. The calculated Md values for TiVCrZrCo 

and TiVCrZrFe RHEAs are 1.74 and 1.75 respectively, which suggest the formation of the TCP 

phase in both investigated alloys. The present investigation revealed that there is a good 

agreement between theoretical and empirical parameters in order to design RHEAs containing 

the TCP-Laves phase. The experiments and microstructural analyses together with Thermo-

Calc predictions and physical functions shows formation of TCP Laves phase in the BCC solid-

solution matrix in the two novel TiVCrZrCo and TiVCrZrFe RHEAs. 



17 

 

Table 3 Calculated parameters of ρ, Tm, ∆Smix, ΔHmix, VEC and δ for TiVCrZrCo and 

TiVCrZrFe and some RHEAs from previous studies [54-63]. 

 

 

Alloy 

 

 

Phase 

ρ 

(g.cm- 
3) 

 

Tm 

(K) 

∆Smix 

(J.k- 
1.mol- 

1) 

∆Hmix 

(KJ.mol- 
1) 

 

VEC 

 

δ 

 

 

Refs. 

TiVCrZrFe BCC+C14+C15 6.44 2034 13.30 -12.34 5.4 10.02 This 

work 

TiVCrZrCo BCC+C14+C15+Ti2Co 6.65 2036 13.30 -18.27 5.6 9.86 This 

work 

AlCrNbTiV BCC+C14 5.82 1982 13.30 -14.56 5.2 6.98 [62] 

Mo1.5NbTiVZr BCC+C15 7.49 2426 13.23 -3.22 4.9 6.62 [63] 

CrMoNbTiZr BCC+C15 7.41 2366 13.30 -5.78 5 8.13 [64] 

CrNbTiVZr BCC+C15 6.58 2223 13.30 -4.70 5.4 9.73 [65] 

CrHfNbTiZr BCC+C15 8.02 2288 13.30 -4.22 4.6 8.63 [66] 

Cr0.3Mo0.1NbTiZr BCC+C15 7.10 2290 12.95 -6.69 5 8.89 [67] 

CrMo0.5NbTiV BCC+C15 6.93 2295 13.18 -4.23 5.1 5.72 [68] 

Al0.5CrNbTi2V0.5 BCC+C14 5.85 2058 14.14 -11.04 4.6 5.88 [69] 

TaNbHfZrTi BCC 9.92 2515 13.30 13.79 4.4 6.96 [70] 

VNbMoTaW BCC 12.18 2959 13.30 -4.69 5.4 2.98 [71] 

 

 

XRD results presented in Fig. 3 revealed two types of Laves phases including C14 and C15 

in both RHEAs, however, Thermo-Calc predicted only C14 Laves phase in the TiVCrZrFe 

alloy. It was reported earlier that the hexagonal C14 has a higher flexibility to accommodate 

atoms of different sizes compared to the cubic C15 [19]. XRD results also showed two peaks 

of Ti2Co intermetallic phase in TiVCrZrCo RHEAs which was predicted by Thermo-Calc 

results in Fig.2. The microstructural investigations of TiVCrZrCo and TiVCrZrFe RHEAs 

revealed cellular microstructures with TCP-Laves phase formed in the intercellular region. High 

solidification rates during the casting process may be important for the precipitation of these 

metastable AB2 type Laves phase in the studied alloys. 

4.2. Significance of topologically close-packed Laves phase 

RHEAs have a potential to be considered as high-performance materials for different 
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applications such as high-temperature structural components or materials for hydrogen 

storage with fast kinetics and high cycling stability for reversible hydrogen storage [29,56]. 

However, this investigation reveals that there is a great tendency of TCP phase formation in 

these alloys which may affect the performance of them based on the application. Accordingly, 

the prediction of phase formation of different types of TCP-Laves phase is essential in RHEAs. 

The formation of Laves phase occurs in AB2 stoichiometry where A is a large atom (Ti, Zr, 

Hf, Nb, Ta) and B is a small atom (V, Mo, W, Fe, Cr, Co) [21,72,73]. Basically, very negative 

mixing enthalpy and the atomic size ratio in a range of 1.05-1.70 promotes Laves phase 

formation in binary systems [28,44]. These facts were reflected in Fig. 8 which clearly 

represents the tendency of Laves phase formation in RHEAs containing different constitutional 

elements. However, the chemical composition of Laves phases is more complicated due to 

availability of more elements in RHEAs. It was reported earlier in a ternary system that the 

Laves phase stoichiometry will be (A1-xCx)(B1-yCy)2 when the possibility of A and B occupying 

the opposite sublattices will be neglected. For example, in NbCr2 system, there is a preference 

for Ti for the A sites and Mo, W, V and Ti for the B sites [74]. Site preference of elements in 

Laves phases based on Nb-Cr-C systems indicates that Fe [75], Co [76] and Ni [77] substitute 

Cr on the B sites. In addition, the atoms with intermediate sizes like V, Mo and W [78] may 

occupy both A and B sites based on factors such as temperature or even on the presence of other 

elements [19]. Accordingly, complex compounds instead of binary intermetallic compounds are 

expected on TCP phases formed in RHEAs. For example, the Laves phase is not a fully binary 

ZrCr2 in CrNbTiVZr RHEA and it contains other constitutional elements to form (Ti, Zr)(Cr, 

Nb, V)2 indicating that part of the Cr has been replaced by V and Nb and part of the Zr has been 

substituted with Ti [79]. The complex Lave phase has been found in other RHEAs such as 
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NbCrMo0.5Ta0.5TiZr [80] and TiZrNbFeNi [81] with (Zr, Ta)(Cr, Mo, Nb)2 and (Zr, Ti)(Fe, 

Ni, Nb, Ti)2 compositions, respectively. It is expected that Zr with a high atomic size of 1.60 

Å occupies in A site and elements such as Co, Fe, V and Cr with lower atomic size (below 1.40 

Å) occupy the B site. Apparently, Ti with intermediate atomic size of 1.43 Å occupies both A 

and B sites. According to the atomic size, represented in Fig. 1, it is expected that Laves phases 

of (Zr,Ti)(Co,V,Cr,Ti)2 and (Zr,Ti)(Fe,V,Cr,Ti)2 form in the designed TiVCrZrCo and 

TiVCrZrFe RHEAs, respectively, which are along with the experimental analyses. 

 

 

 

 

 

 

 

Fig. 8 Mixing Enthalpy (ΔHmix) vs atomic size ratio (rA/rB) map for prediction of Laves 

phase formation in binary alloy system. Arrow shows tendency of the Laves phase 

formation. 
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The present results suggest that using refractory elements with big atomic radii such as Zr or 

Hf together with other elements with smaller atomic radii promotes formation of Laves phase 

in the RHEA (Fig. 8). Thereby, it is possible to manipulate the Laves phase type and its volume 

fraction in the microstructure by selecting appropriate type and atomic percentage of elements. 

Basically, controlling or in another word, engineering the volume fraction of the Lave phase is 

very effective on the mechanical and functional properties of RHEAs. Experimental data and 

thermodynamic simulations suggest that the volume fraction of Laves phase can be controlled 

either by adjusting the chemical composition of the alloy or by proper heat treatment 

[69,82][83,84]. RHEAs for hydrogen storage application such as TiZrNbFeNi and 

ZrTiVNiCrFe, usually contain major Laves phase (>80%), which results in lower hydride 

decomposition temperature and better reversibility with acceptance of storage capacity [81] [84] 

[85] [86]. In RHEAs in which the mechanical properties are the matter, it was reported the 

strength increases significantly by increasing the volume fraction of Laves phase, nevertheless, 

it deteriorates the ductility dramatically [87]. It was reported earlier that the strengthening ability 

of the AlCrNbTiZr RHEAs increases quickly when the volume fraction of Laves phases reaches 

to a critical value of ~30% [88]. Significant brittleness was reported earlier for single-Laves 

phase materials such as ZrNbCr2 and ZrHfCr2 with a fracture toughness of 1.01 and 1.05 

MPa.m0.5, respectively [89]. However, manipulating the chemical composition in order to form 

dual phase alloys containing BCC and Laves phase led to improved ductility and increased 

fracture toughness [90]. It is important to note that high hardness (>500 Hv) was reported for 

many multi-phase RHEAs such as (TiVZrCr)90W10 and ZrNbTaCr4Hf0.2 RHEAs contain more 

than 30% TCP phases [79,84]. Multi-phase TiVCrZrFe and TiVCrZrCo RHEAs show very high 

hardness (~690 and ~750 Hv, respectively) and low fracture toughness (1.42 and 1.18 
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MPa.m0.5, respectively). Formation of Ti2Co may be responsible for achieving higher hardness 

in the latter alloy. These RHEAs were designed based on the key factor in order to phase 

engineering and provide alloys with notable values of Laves phase (~40%) which can be 

interesting as hydrogen storage material or for applications in harsh operating environments 

exposed to high temperatures, irradiations, wear and erosion. 

5. Summary and conclusions 

 

1. The present study illustrated the role of key factors on designing RHEAs with or without 

TCP-Laves phases. Two novel TiVCrZrCo and TiVCrZrFe RHEAs were designed in order to 

apply phase engineering and provide alloys with notable values of Laves phase. The 

thermodynamic calculation using thermo-Cal and empirical calculations were conducted 

successfully to predict of Laves phase in TiVCrZrCo and TiVCrZrFe RHEAs and experimental 

investigations confirm the formation of ~40% TCP Laves phase in both RHEAs. 

2. RHEAs inherently have a high potential to form TCP-Laves phase due to very negative 

values for mixing enthalpy of atom pairs and remarkable difference between atomic sizes of the 

constitutive elements of the alloy. Accordingly, existence of atoms such as V, Co, Cr and Fe 

together with Zr, Ti, Nb and Hf refractory elements promote TCP Laves phase formation. It is 

possible to manipulate the Laves phase type and its volume fraction or even suppress formation 

of these phases in the microstructure by selecting appropriate type and atomic percentage of 

elements. 

3. Microstructural investigations showed BCC matrix together with C14 and C15 Laves 

phases for the TiVCrZrFe and quadruple-phase TiVCrZrCo alloy including BCC, C14, C15 and 

Ti2Co phases. The stoichiometry of Laves phases are complex as (Ti, Zr)(Co, V, Cr, Ti)2 and 

(Ti, Zr)(Fe, V, Cr, Ti)2. 
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4. The designed RHEAs showed high melting point (>2000 K) and relatively low density 

(~6.5 g.cm-3). High volume fraction of TCP-Laves phase in TiVCrZrFe and TiVCrZrCo 

RHEAs enhanced the strength significantly (hardness of ~700) at expense of decrease the 

ductility (low fracture toughness of <1.5 MPa.m0.5). The understanding of key factors on 

RHEAs design leads to phase engineering and fabricated alloys with a desirable amount of 

TCP-Laves phase suited for hydrogen storage or high-temperature applications. 
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