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Abstract 

In the context of cast alloy development for high temperature applications, high 

entropy superalloys (HESA) have exhibited superior cost specific tensile strength than 

that of superalloys such as CM247LC. Compositions of HESA are distinctively 

different from those of cast superalloys with higher contents of Fe and Ti, making 

HESA cheaper and lighter. Comparing to superalloys, although HESA has adopted 

the template of FCC-structured () matrix and coherent L12-structured () precipitates, 

 is enriched with solutes with higher intrinsic strength, rendering positive lattice 

misfit, and the high entropy  matrix may have attributed a good combination of 

strength and ductility.  

 

Keywords: high entropy superalloys; superalloys; cost performance; high temperature 

properties 

 

Superalloys are important materials for gas turbine engines in aerospace and 

energy industries [1]. Since the homologous temperature of superalloys has already 

reached the limit, efforts on alloy development have focused on improving the 

cost-performance by reducing the use of expensive elements such as rhenium (Re) [2]. 

For example, CMSX-8 [2] was developed as a more economical version of CMSX-4, 

which has been widely used in industry, and with respect to the cost specific tensile 
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strength, the advantage of CMSX-8 over that of CMSX-4 was about 1.6 times. 

However, the Ni-based system constrains the composition design space for reduction 

in cost and density. To search for better cost-performance alloys, High Entropy Alloy 

(HEA) allows the exploitation of vast composition space [3-8], among different types 

of HEAs [9], Refractory High Entropy Alloys (RHEAs) possess high melting points 

and are promising structural materials, however, the development of RHEAs has yet 

to reach high-temperature oxidation resistance and a balance between 

high-temperature strength and room temperature ductility [6, 10], on the other hand, 

3d-TM HEAs possess the best specific strength and appears to be the most promising 

HEA for structural application [9]. The most well-known 3d-TM HEA is 

CoCrFeMnNi, although single-phase CoCrFeMnNi can possess attractive 

combination of strength and toughness from ambient to cryogenic temperatures [11], 

the strength of single-phase HEA is relatively weak at elevated temperatures [6, 12, 

13]. At high temperatures, diffusion driven phase transformation and creep need to be 

considered [1], FCC phase with lower intrinsic diffusivity than BCC phase should be 

the choice of structure basis for high temperature alloys [14]. Wu et al. [15] 

demonstrated that tensile yield strength of CoCrFeNi, CoCrMnNi, CoCrNi, CoNi and 

Ni dropped sharply with increasing temperature, and Otto et al. [12] found that the 

yield strength of CoCrFeMnNi was only 76 MPa at 600 
o
C. So, strengthening 

mechanisms such as solid solution strengthening, work hardening and grain 

refinement, are not effective at elevated temperatures. 

 

Conventional superalloys have relied on ordered Ni3(Al,Ti)-based L12-structured 

() precipitates to strengthen the FCC-structured () matrix. And, this type of 

precipitates has been introduced in HEA systems. Shun et al. [16] and Gwalani et al. 

[17-20] investigated Al0.3CoCrFeNi, and observed precipitation of fine  precipitates 

in the  matrix; however, the  phase could only be stable up to 550 
o
C and was 

destabilized and replaced by B2-structured () phase at 700 
o
C. He et al. [21, 22] 

found that addition of Al and Ti in CoCrFeNi could induce formation of  phase in 

the  matrix, however, excessive addition of these two elements could promote the 

formation of brittle L21-structured (Ni, Co)2TiAl phase. Yeh et al. [23, 24] 

systematically studied the AlxCo1.5CrFeNi1.5Ti(0.5-x) systems, higher Ti/Al ratio could 

induce higher  phase fraction and higher hardness; however,  phase was found to 

be unstable and could transform into brittle η phase after prolonged exposure at 900 
o
C; higher Al/Ti ratio could promote  phase formation instead. Daoud and Manzoni 

et al. [25-29] investigated a similar alloy AlCo2.5Cr0.8Fe1.5Ni3.6Ti0.6, which contained a 

 matrix with 46 % of  phase and 5 % of  phase by volumes; its yield strength at 

750 
o
C was 473 MPa, although this value appeared to surpass those of solid solution 
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strengthened type superalloys such as 800H and Inconel617, it was still weaker than 

more advanced superalloys such as CM247LC [30], this was mainly due to relatively 

low fractions and low solvus of  phase. During the course of developing wrought 

HEA [31, 32], low  solvus had promoted chemical instability at the front of mobile 

grain boundaries and resulted the formation of cellular - precipitates at grain 

boundaries during thermo-mechanical processes; this could cause severe hot ductility 

drop at around 750 
o
C. So, the development of HEA for high temperature application 

has been focused on cast type alloy to avoid hot ductility drop associated with cellular 

precipitation at grain boundaries. 

 

To further increase the elevated temperature strength to compete with superalloys, 

both the solvus and fractions of the  phase in HEA need to be increased; however, 

the volume fractions and solvus temperature of the  phase could be restricted by the 

increase in entropy of the system within the composition range of 5.0 at. %  x  35.0 

at. % [5, 6]. To break through this restriction, alloy design has been shifted to Ni-rich 

HEA with Ni content beyond 35 at. % [5, 6]. CALPHAD prediction indicates that an 

increase in Ni content beyond 35 at % could allow further adjustment in the 

composition to increase the thermal stability of  matrix and  precipitates, Figure 1(a) 

and 1(b). Furthermore, the configurational entropy of the nominal composition can 

still meet the broader definition of HEA, i.e. ΔSconf.> 1.5 R, where R is the 

universal gas constant. So, the development of Ni-rich HEA has taken the advantage 

of a broader definition of HEA in order to further expand the alloy design space, as 

shown in Figure 2(a). Since the microstructure of Ni-rich HEA with  matrix and  

precipitates resembles that of advanced superalloys, the name “High Entropy 

Superalloys (HESA)” has been given to this class of materials [23, 33-36]. 

 

In the context of cast alloys, selected compositions of HESA, i.e. HESA-1 [33], 

HESA-2 [33] and HESA-3 [34] are shown in Table I. Compositions of HESA and 

traditional superalloys evolved from different origins; superalloys were designed from 

the Ni-based corner of the multidimensional phase diagram, and HESA was designed 

from the high entropy compositions near center of the same phase diagram. Although 

compositions of superalloys and HESA appeared to converge at the mid-point 

between the center and the corner of the phase diagram, HESA had taken the path of 

lower cost and lower density with higher Fe and Ti contents than those of cast 

superalloys, while cast superalloys accommodated more and more refractory  

formers up to the 5
th

 generation alloy [37]; to visualize the compositions difference, 

Figure 2(b) shows general contents of elements in 71 cast superalloys (including the 

latest 5
th

 generation alloy) [1, 37] and HESA [33, 34].  Take CM247LC as example, 
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it contains 0 at % Fe and 0.9 at % Ti; HESA-3 contains 8.9 at % Fe and 5.8 at % Ti. 

HESA-3 had a density of 7.96 g/cm
3
, and its raw materials cost was 61 % cheaper 

than that of CM247LC. The Ni contents of HESAs were all higher than 35 at. %, and 

this allowed significant increase in the solvus temperature and phase fraction of  

phase, Figure 1, without the formation of detrimental phases such as , , Laves, TCP 

phases [1]. The enhanced phase stability of HESA could further accommodate minor 

W, Mo to strengthen the FCC-structured  matrix, and minor Ta or Nb to strengthen 

L12-structured  phase in HESA-2 and HESA-3; the solvus temperatures of  phase 

in HESA-2 and HESA-3 were 1194
 o
C [33] and 1199 

o
C [34], respectively, similar to 

those of superalloys [1]. Furthermore, the fractions of  phase in HESA-2 and 

HESA-3 were close to 70 vol. %, which is considered as the optimum fraction for 

high temperature strengthening in cast superalloys [1]. 

 

The excellent phase stability of HESA had been confirmed by long term 

isothermal ageing at temperatures from 700 
o
C to 1100 

o
C for up to 1000 hours, only 

 precipitates in  matrix could be observed without formation of detrimental 

intermetallic phases [33]. Furthermore, the  phase with high Ti content resulted 

higher anti-phase boundary (APB) energy than that of conventional superalloys [38], 

which could retard superdislocations and strengthen  phase, for example the APB 

energies of HESA-1 and superalloy CM247LC were 0.25 and 0.19 J/m
2
, respectively 

[33], this had resulted higher hardness of HESA L12-structured  phase comparing to 

that of CM247LC measured by nano-indentation tests [33]. On the other hand, high 

entropy compositions in the  matrix of HESAs could lead to lower stacking fault 

energy, which could hinder dislocation cross-slip during deformation by increasing 

the spacing between the partial dislocations [34] and enhance the toughness by 

formation of twins [7, 11, 39]. By comparing to those of conventional HEAs (5.0 at. 

%  x  35.0 at. %), elevated temperature tensile yield strengths of HESAs were 

about 200 MPa in average higher than those of reported HEAs from room temperature 

to 750 
o
C [34], and a positive temperature dependence of the yield strength of HESAs 

was identified due to high fractions of L12-structured  phase. Furthermore, the creep 

rupture life of HESA-3 under 982 
o
C and 159 MPa was 114 hours, which was similar 

to several first generation superalloys; the steady state creep rate of HESA-3 was 

competitive against CMSX-2 [40], this was attributed to strengthening from thermally 

stable  precipitates, low stacking fault energy of the  matrix, leading to a high creep 

activation energy of 290 kJ/mol [34]. Due to high solute contents in  phase, lattice 

misfits between FCC-structured  matrix and L12-structured  phase in HESA were 

positive, during creep at 982 
o
C,  phase rafted in parallel to the applied stress 

direction; this is opposite to that of advanced superalloys with negative misfit 
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between  matrix and  precipitates [1]. Furthermore, HESAs had the ability to form 

continuous and protective Al2O3 layer after high temperature exposure; the oxidation 

and corrosion resistances were comparable to that of CM247LC [41]. So, HESAs can 

possess excellent elevated temperature phase stability and surface stabilities; their 

high temperature strength can be comparable to those of some commercial 

superalloys. 

 

The concept of HESA has led to several recent studies in exploring the 

strengthening contributions from L12-structured  phase in HEAs, however, these 

works mostly focused on room temperature properties and have shown that this 

approach could be effective in increasing the tensile strength while retaining a good 

level of tensile ductility [29, 42-44], e.g.  precipitates strengthened Al(Co, Fe, 

Ni)12.3Ti exhibited a tensile yield strength of 1028 MPa with an elongation up to 47.8 

% [42]. On the other hand, microstructure optimization through heat treatment can 

also be important in order to balance strength and ductility; Zhang et al. [36] studied a 

Hf containing HESA Al0.56CoCrFeNi3.36Ti0.56Hf0.015, in as-cast condition, its ultimate 

tensile strength could reach 960 MPa at 750 
o
C but with only 3 % fracture strain; by 

contrast, the directional solidified form of HESA-3 subjected to post heat treatment to 

optimize the microstructure could possess a tensile yield strength of 855 MPa at 750 
o
C with fracture strain greater than 20 % [34]. Due to its relatively low elemental cost 

and density, with respect to 750 
o
C yield strength, HESA-3 performed better than all 

reported HEA data with the same testing condition and could achieve a 3 times 

increase in cost-specific tensile strength comparing to that of CM247LC, Fig. 3 [30, 

31, 34, 45], most importantly, its tensile elongation can be 2.7 times that of 

CM247LC, making HESA very attractive for elevated temperature applications. 

 

Based on the current state of the art, the development of HESA technology has 

combined several alloy design strategies; viewpoints of these strategies are described 

and discussed in the following: 

1. Utilize low cost elements such as Fe to lower down the cost of material: 

In an alloy system based on Co-Ni, although Co is relatively expensive, it is 

utilized in conventional Ni-based superalloys to stabilize the  matrix and also 

lower the stacking fault energy [1]. Co is also a common element in HEA, while 

HEA composition space provides the freedom to include significant fractions of 

cheap elements that can lower the cost. It is important to balance the cost with 

desired microstructure (FCC-structured  matrix and L12-structured  precipitates) 

and sufficient phase stability. Fe is an ideal choice of cheap element serving as 

matrix element, which acts mainly as a substitution to Ni or Co in conventional 
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superalloys, however, Fe is also known to destabilize  phase [46]; CALPHAD 

has been a useful tool to ensure that Fe-bearing HESA could retain sufficient 

fractions of stable  phase. Another potential issue regarding to the cost is 

associated with processing, HESA reported are cast alloys, and the yield of casting 

can be affected by alloy compositions greatly [1, 47, 48]. In advanced superalloys, 

the tendency to form freckles defects can be related to both the content of 

refractory elements and their ratios of solid-liquid partitioning, since convection 

caused by density difference with the mushy zone can cause nucleation of stray 

grains with undesired chemical compositions. Therefore, HESA with low level of 

refractories might exhibit good castability for complex part, thorough 

investigations on castability of HESA should be conducted in the future. 

2. Utilize light weight elements such as Al, Ti, Cr to lower down the density: 

Ni-rich HEA design space presents the freedom to utilize higher level of light 

elements in the system to decrease the density of the alloy. However, the contents 

of light elements need to be controlled carefully in order to maintain the phase 

stability. In traditional superalloys metallurgy, Al and Ti are strong  formers, and 

phase instability associated with TCP phases can be related to the degree of 

supersaturation of solutes in  matrix [1, 49]; Cr also promotes detrimental 

intermetallic formations such as  [1]; CALPHAD can be an extremely useful 

tool in maintaining phase stability while performing alloy design for light weight. 

And, HESA may possess an advantage over superalloys with a higher entropy 

matrix to accommodate more solid solutions, hence phase stability for the  matrix 

[33, 50]. 

3. Design through elemental partitioning characteristics between  matrix and  

precipitate:  

Constituent elements in HESAs possess characteristic partitioning tendencies, e.g. 

Al and Ti partition to  precipitates and Co, Cr, Fe partition to  matrix, Table II. 

The partitioning ratios of these elements have significant meanings to the design 

of HESA. First of all, the degree of entropy in  matrix and  precipitates can be 

affected; the  matrix needs to be high entropy to utilize the beneficial effects of 

HEAs, and the  phase has to retain medium entropy state to possess thermal 

stability. This is demonstrated in Table I & II, from HESA-0 to HESA-1, the 

substitution of 2.0 at % Ni by 2.0 at % Ti can affect the partitioning characteristics 

for other elements, resulting an increase in the entropy of  matrix, and a decrease 

in the entropy for  phase, which in turn could enhance its thermal stability. 

Furthermore, higher Ti content in  phase can promote an increase in APB energy 

to further strengthen the  phase. The partitioning ratios can also affect the lattice 

misfit between the  matrix and  phase, it can influence the morphology of  
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phase and the evolution of coarsening under stress [1], HESAs developed so far 

all possess positive misfit, e.g. lattice misfit of HESA-3 was 0.08 % at 982 
o
C [34]. 

It has been that positive misfit alloys can possess better cyclic creep resistance 

than negative misfit alloys [51, 52], since cyclic creep might be closer to some 

actual turbine engine operating conditions, HESA should be evaluated against 

cyclic creep in the future. 

4. Design oxidation and corrosion resistances of HESAs by promoting the formation 

of Al2O3 or Cr2O3 layers: 

Alumina and chromia are effective barriers against oxidation and corrosion, 

whether Al2O3 or Cr2O3 layers can be protective depends on the compactness and 

continuity of the external oxide layer. For the formation of protective Al2O3, 

certain level of Al content and Al activity are required, for example, HESA-2 and 

HESA-3 are both Al2O3 formers and can perform as well as advanced superalloys 

against oxidation [41]. On the other hand, HESA-1 possesses higher Cr activity 

and is a Cr2O3 former; HESA-1 can be extremely resistant against slat-coated hot 

corrosion [41]. The activities of Al and Cr can be influenced by constituent 

elements in the system, for example, Si addition can greatly enhance both the Al 

and Cr activity [53], so the addition of Si may provide further flexibility in alloy 

design of HESA in the future. 

5. Strengthening through hierarchical microstructure development: 

Recent studies have shown that composition complexity in HEAs can induce 

effective heterogeneous microstructure strengthening at room temperature through 

phase transformation pathway design [44, 54-57]. HESA may also utilize its 

distinct stoichiometric  compositional complexity to accommodate  formers in 

the metastable condition, this could be done by quenching process and subsequent 

ageing in order to induce  particles formation inside . Previous studies have 

shown that this concept could be beneficial for elevated temperature strengthening 

by retarding coarsening kinetics of  phase [56], and compression creep life at 

elevated temperature could be improved [58]. So, strengthening through 

hierarchical microstructures should be explored for HESA in the future, since 

microstructure strengthening can be an effective mean to provide further 

strengthening without the use of expensive heavy elements. 

 

Comparing the tensile strength, ductility, cost, density, and surface stability 

between HESA-3 and CM247LC superalloy, a combined performances chart has been 

constructed in Figure 4. HESA-3 can outperform CM247LC superalloy in most of 

these aspects and may be even more useful for applications when cost, density, and 

ductility are more demanding than high temperature strength. Recent studies have 
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shown that cast type HESA has shown potential for high temperature applications, 

similar approach may also apply to develop wrought HESA in the future, since the 

increase in  solvus can be expected to minimize the cellular structure embrittlement 

at grain boundaries [31]. Recently, artificial intelligence machine learning approach 

has been utilized to design HEA compositions and to optimize several single property 

[59, 60], the growing interest in the research field of HESA will generate more 

experimental data, and artificial intelligence machine learning approach can be 

employed in the future to develop more advanced high entropy superalloys with 

customized and balanced properties. 
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Figure 1. CALPHAD predictions for HESA development (a) isopleth section of the 

Al-Co-Cr-Fe-Ni-Ti senary system along the line connecting HEA(Al0.2Ti0.3) and 

HESA-3 in Table I showing that Ni-rich HEA allows alloy design for greater FCC + 

L12 structure phase field, and (b) increase in solvus temperature and L12 equilibrium 

fraction at 800°C with Ni content along the same compositional trajectory as (a). 
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Figure 2. (a) compositions of cast superalloys (including 5
th

 generation superalloys) 

vs HESA. (b) The configurational entropy of the nominal composition can meet the 

broader definition of HEA (Nix(AlCoCrFeTi)y), i.e. ΔSconf.> 1.5 R with Ni content 

greater than 35 at %. 
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Figure 3. 750 
o
C tensile data for cost specific tensile strength vs elongation 
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Figure 4. Combined performances and properties chart for HESA-3 vs CM247LC 
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