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Abstract
In this study, a newly developed γ′ precipitation hardened high entropy superalloy (designated as HES-A1 hereafter) was 
produced and its microstructural features were characterized. The new alloy composition is based on the major elements 
of conventional IN718 alloy, however other elements were added or removed to minimize possible presence of δ (or γʺ) 
phase and increase the volume fraction of very fine γ′ precipitates instead. Broadening the hot working window, lower 
density, and avoiding the use of expensive elements were other considerations taken into account in the design of the new 
alloy. CALPHAD (CALculation of PHAse Diagrams) and PhaComp methods were used for the prediction of phases and 
their evolutions. The microstructure of the HES-A1 alloy in as-cast, homogenized, hot rolled, annealed and aged conditions 
were characterized using optical, scanning, and transmission electron microscopes as well as X-ray diffraction technique. 
The as-cast microstructure of HES-A1 contained 5.5% of Laves phase, which was reduced to less than 0.3% through the 
development of a homogenization treatment. Hot rolling with reductions up to 36% at 1015 °C did not produce any crack-
ing, indicating a good forming potential for the new alloy. The application of double aging treatment, similar to the one for 
IN718 alloy, showed no presence of γʺ or formation of δ phase in the microstructure. HES-A1 has been designed with a 
higher Al/(Ti + Nb) ratio and higher proportion of Al + Ti + Nb so that it could be mainly strengthened by γ′ precipitation. 
The average size of monomodal γ′ precipitates was smaller than that observed in conventional alloys after similar treatments.

Keywords High entropy alloys · Superalloys · Alloy design · Casting · Heat treatment · Microstructure · Electron 
microscopy

1 Introduction

Superalloys, either cast or wrought, are generally used at 
temperatures above 540 °C [1]. Among wrought superalloys 
used for turbine disc applications, IN718 is the most widely 
used due to a suitable combination of high strength, good 
formability, lower density, and moderate cost [2–5]. How-
ever, the maximum service temperature of IN718 is about 
649 °C, thereby, limiting its application in hotter sections 

of the turbine. This limitation has been mostly related to 
the presence of the γʺ strengthening phase and its transfor-
mation to δ over time [5]. As a result, extensive research 
has been undertaken to develop new alloys with higher ser-
vice temperatures than IN718. Specifically, in recent years, 
 Allvac® 718Plus™ alloy (hereafter referred to as 718Plus) 
[6],  Haynes®  282® [7], and AD730 [8] have been introduced 
which contain more amount of γ′ and can withstand service 
temperatures above that of IN718.

On the other side, high entropy alloys (HEAs) have 
spread out an exciting area for designing new alloys with 
superior properties and new applications [9–12]. Because 
of the insufficient strength of the single-phase FCC struc-
ture of HEAs, some studies were carried out to examine 
strengthening mechanisms [13]. Precipitation hardening 
has been widely employed to strengthen several FCC 
HEAs [14–16]. Zhao et al. [17] indicated that sluggish dif-
fusion in the precipitation-hardened (NiCoFeCr)94Ti2Al4 
HEA, leads to the smaller size of precipitates during aging 
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and lowers coarsening rate of precipitates at higher tem-
peratures. Recently, some new HEAs containing γ′ phase, 
as their main strengthening phase, have been introduced as 
high entropy superalloys (HESAs). Yeh et al. [14] devel-
oped a cast HESA  (Ni40.7Al7.8Co20.6Cr12.2Fe11.5Ti7.2) with 
nano-sized γ’ precipitates with lower density (less than 
8 g/cm3) and lower cost of raw materials than those of con-
ventional Ni-base superalloys. The microstructure of the 
developed alloy remained stable without any detrimental 
phases after isothermal aging at 1050 °C for 500 h. Daoud 
et al. [18] used Thermo-Calc to develop a Ni-rich high-
entropy alloy,  Al8Co17Cr17Cu8Fe17Ni33 in which two mor-
phology of γ′ precipitates observed after aging at 700 °C; 
one with spherical γ′ precipitates less than 20 nm in diam-
eter and the other with elongated morphology less than 
350 nm long. With the addition of minor amounts of Ti 
and Al, He et al. [19] developed a high entropy superalloy 
with the nominal composition of (FeCoNiCr)94Ti2Al4 con-
taining nano-sized coherent γ′ precipitates with 645 MPa 
yield strength and an outstanding 39% elongation. Wang 
et al. [20] studied a single-phase and aged HEA alloy 
with the following composition  Al0.2CrFeCoNi2Cu0.2 and 
observed the precipitation of nano-size γ′ precipitates after 
aging resulted in an increases of 259 and 316 MPa in the 
yield and ultimate tensile strength, respectively, with a 
30.4% elongation. Also, Tsao et al. [21] used Thermo-Calc 
to design five high entropy superalloys which exhibited 
stable γ/γ′ microstructures with no Topologically Close-
Packed (TCP) phases even after 300 h exposure at 900 °C. 
They indicated that the higher entropy of the alloy stabi-
lized the microstructure and slowed down or prevented 
TCP formation.

Superalloys in both cast and wrought conditions, due 
to a large number of alloying elements in their composi-
tion, have higher configurational entropy when compared 
to other commercial alloys such as steels or titanium alloys 
[22]. While in the original papers no reference is made to 
the difference in the configurational entropies of the 718 
and 718Plus; calculations reveal that this value is 1.45R 
(R is the universal gas constant) for 718Plus and 1.29R 
for IN718. Thereby, the high entropy alloy concept could 
be used to develop new superalloys with improved micro-
structural and mechanical properties.

This paper deals with the alloy design scheme and 
microstructural characterization of a new wrought high 
entropy superalloy (HES-A1) in the as-cast, homogenized, 
hot rolled, annealed, and aged conditions following our 
previous paper, which deals with mechanical properties 
of this alloy [22]. As the HES-A1 alloy shows promis-
ing mechanical properties after aging, this paper mainly 
focuses on the alloy design and its microstructures in 
different conditions with aid of optical, scanning and 

high-resolution transmission electron microscopy and 
x-ray diffraction.

2  Alloy Design Approach

Because of the widespread use of IN718 superal-
loy [23–25], its major elements were chosen as a base 
for designing the new high entropy superalloy. Co was 
added to enhance the yield strength and the strain hard-
ening capacity [5, 26, 27] while carbon and boron were 
removed to reduce crack sensitivity [28]. The design 
objectives for HES-A1 were set to achieve a configura-
tional entropy greater than 1.5R, avoid the formation of δ 
or γ′’ particles and promote that of γ′ instead. Good form-
ing ability, wider hot workability window, and lower or 
similar density, particularly compared with IN718 alloy, 
were additional design objectives. On this basis, a list of 
20 potential alloys, as reported in "Appendix", using the 
above-mentioned elements and configurational entropy 
values of more than 1.5R was prepared and analyzed for 
phase optimization according to the design objectives.

It is well-known that γ′ strengthened alloys have 
higher thermal stability than γʺ ones, and γ′ particles in a 
nickel–iron matrix are usually spherical, and their volume 
fraction and size are critical in determining their contribu-
tion to strengthening [24, 29]. These guidelines were used 
by Cao et al. [5] and Devaux et al. [27] for developing 
718Plus and AD730 alloys, respectively. Both alloys show 
superior mechanical properties at higher temperatures than 
IN718 and are characterized by γ′ volume fractions of 
more than 25% [30, 31]. However, it should be noted that 
higher γ′ volume fraction deteriorates the hot formability 
of wrought alloys [32].

To reach a proper volume fraction of γ′ precipitates, 
the amounts and proportions of Al, Ti, and Nb should be 
considered as critical parameters. For example, Collier 
et al. [33] reported that increasing the AI/Ti ratio and/or 
the AI + Ti content in IN718 alloy improved thermal and 
mechanical stabilities of the alloy. Chang and Lui [34] 
found that increasing the Al + Ti content of Waspaloy 
resulted in increasing yield and tensile strength, and rup-
ture life, at room and high temperature. Cao et al. [6] found 
that to achieve a predominantly γ′ strengthened alloy, 
Al + Ti level should be higher than 3 at%. They also found 
that by increasing the Al/Ti ratio, γ′ would form before γʺ, 
δ, and η, while its precipitation kinetics would be more 
sluggish. For the development of AD730, Devaux et al. 
[8] increased the Al/(Ti + Nb) ratio to avoid precipitation 
of η phase. Figure 1a, b compare Al/Ti and Al/(Ti + Nb) 
ratio vs. Al + Ti and Ali + Ti + Nb values for some com-
mon wrought superalloys. It can be seen that for both plot 
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improved mechanical properties could be achieved by 
moving to the right and top of the chart.

The next step in phase formation analysis is related to 
the presence of TCP phases, which are detrimental to the 
mechanical properties of superalloys with a high concen-
tration of alloying elements [35–38]. In the present study, 
the New PhaComp [39] and CALPHAD methods were 
used to analyze and adjust the proportions of elements 
with the view to minimize the formation of TCP phases. 
Specifically, in the New PhaComp method, the average 
energy levels of d-orbitals (Md) of the transition met-
als present in the composition of the alloy are important 
parameters for minimizing the formation of TCP phases. 
The corresponding Md values for the selected alloying 
elements entering into the composition of HES-A1 were 
obtained from Ref. [39] and reported in Table 1.

The Md value of the alloy was then calculated using Eq. 1 
[39]:

where  Xi is the atomic fraction of component i in the alloy 
and (Md)i is the Md value of component i.

It can be seen from Table 1 that Ni has the smallest Md 
value compared with the others. Therefore, as per Eq. (1) sub-
stitution of Ni with other elements will increase the Md value 
of the alloy and increases the propensity for TCP formation. 
This impact is expected to be higher in the case of high entropy 
superalloys as the proportion of Ni is lower in comparison with 
conventional superalloys. On the basis of the above analysis, 
the Md values for the 20 selected compositions were calculated 

(1)M̄d =

n
∑

i=1

Xi

(

Mdi

)

,

and found to be in the range of 0.96–1.03. In order to minimize 
the possible formation of TCP phases, only the alloys with 
Md values of 0.98 and below were selected for CALPHAD 
analysis [40].

Hot formability is one of the most important selection fac-
tors of wrought superalloys, as the manufacturing process such 
as forging or rolling requires several steps of hot deforma-
tion. However, the hot working window of wrought superal-
loys is normally between the solvus temperature of δ or γ′ 
and the solidus of the alloy and often this window is very 
small. For example, Monajati et al. [41] reported that the hot 
working window for UDIMET 720 alloy is only 1100 °C to 
1150 °C. Such small hot working windows imposes stringent 
operational limitations that could result in increased quality 
issues. Therefore, the broadening of the hot working window 
is a key parameter in the design and selection of a superalloy 
[37]. While it has commonly been assumed that increasing Al 
and Ti contents deteriorates the hot formability of superalloys, 
AD730 alloy with as high as 9 at% Al + Ti content has shown 
very good formability [27]. It seems that the lower γ′ solvus 
temperature of AD730 broadened the hot working window 
and compensated for the higher amount of γ′. Since lower γ′ 
solvus temperature could cause lower service temperature; 
therefore, workability and service temperature should be con-
sidered together in the analysis [32]. In the present work, using 
thermodynamic analysis, the proportions of the elements were 
adjusted for lower γ′ solvus temperature and a higher melting 
temperature in order to broaden the hot working window of 
the alloy.

The 20 potential alloys listed in "Appendix" were then clas-
sified based on the above-mentioned selection criteria and 
the new high entropy alloy with a configurational entropy of 

Fig. 1  a Al/Ti ratio vs. Al + Ti and b Al/(Ti + Nb) ratio versus Al + Ti + Nb for some common wrought superalloys

Table 1  Md values for elements 
used in this study

Element Ni Al Co Cr Fe Ti Nb Mo

Md level, eV 0.717 1.900 0.777 1.142 0.858 2.271 2.117 1.550



594 Metals and Materials International (2020) 26:591–602

1 3

1.54R and the chemical composition presented in Table 2 was 
selected. In the same table, the chemical composition, Md, 
and ΔS/R values of IN718, 718Plus, Waspaloy and AD730 are 
also presented for comparing purposes. As shown in Fig. 1, in 
the newly designed alloy, the amount of Al + Ti is near that of 
Waspaloy but its Al/Ti ratio is significantly higher. Compared 
to 718Plus, HES-A1 has the same Al/Ti ratio but contains 
nearly 2.5 at% more Al + Ti. It should be noted that the calcu-
lated Md value of HES-A1 is slightly higher than those of the 
other alloys. The calculated phase diagram reported in Fig. 2a, 
predicts a primarily γ/γ′ structure, with the formation of the 
σ phase at 1090 °C and at lower temperatures. The formation 
of σ phase has been predicted by the Thermo-Calc software 
for superalloys such as 718 [42] and 718Plus [43], however, 
because of the very sluggish precipitation of the σ-phase, it 
could not be observed in the microstructure until after long 
time exposure at high temperatures [44]. Also, as reported by 
Choi et al. [45] while the formation of the sigma phase had 
been predicted by the thermodynamic software, its presence 

was not detected in the microstructures of cast or heat treated 
of some high entropy alloys.

Figure 2b shows the calculated solvus temperature and 
the maximum amount of γ′ in the four reference superalloys, 
selected in this study. It can be seen that HES-A1 has similar 
γ′ volume fraction to AD730 but significantly higher than 
Waspaloy, IN718, and 718Plus; suggesting better mechani-
cal properties compared to the last three alloys. On the other 
hand, its γ′ solvus temperature of 1010 °C is closer to those 
of 718Plus (1004 °C) and Waspaloy (1013 °C) and lower 
than that of AD730 (1090 °C) indicating a broader work-
ability window than AD730. The γ′ solvus temperatures of 
a superalloy depends on its chemical composition and could 
be estimated using thermodynamic software or linear regres-
sion analysis of experimental data for a series of nickel-
based superalloys provide in [47].

Another important consideration in the design of the pro-
posed alloy was to achieve a lower density alloy than the 
main commercial alloys. In this study, the increased Al and 

Table 2  Chemical composition of the designed high entropy alloy in comparison with IN718, 718Plus, Waspaloy [46] and AD730 [27] (at%)

Ni Al Co Cr Fe Ti Nb Mo W C P B Zr Md ΔS/R

New Alloy 46.4 5.0 5.0 21.2 15.0 1.5 3.1 2.8 – – – – – 0.98 1.51
IN718 53.57 0.97 – 20.23 18.73 1.21 3.38 1.76 – 0.12 0.01 0.02 – 0.92 1.29
718Plus 51.07 3.12 8.88 20.12 10.41 0.85 3.41 1.70 0.32 0.10 0.01 0.02 – 0.94 1.45
Waspaloy 56.95 2.74 12.79 21.23 – 3.57 – 2.52 – 0.17 0.01 0.03 – 0.93 1.15
AD730 57.90 4.79 8.28 17.33 4.11 4.08 0.68 1.86 0.84 0.07 – 0.05 0.02 0.94 1.37

Fig. 2  a Calculated phase fraction plot for HES-A1 and b the maximum amount of γ′ phase and solvus temperature in most popular wrought 
superalloys calculated by Thermo-Calc software

Table 3  Density of most 
popular wrought superalloys

Alloy IN718 [48] 718Plus [49] Waspaloy [50] AD730 [51] HES-A1

Density (kg/m3) 8.22 8.25 8.20 8.20 8.05
Δρ (%) (compared 

with IN718)
0.00 + 0.36 − 0.24 − 0.24 − 2.07
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Ti contents and reduced Ni and elimination of W from the 
composition of the alloy resulted in a lower density com-
pared to the main commercial wrought superalloys, as indi-
cated in Table 3.

3  Experimental

The alloy was produced by double vacuum melting (vac-
uum induction melting and arc melting, VIM/VAR) which 
ensures excellent micro-cleanliness and tight composi-
tional control. After characterization of the as-cast condi-
tion, ingots were homogenized at 1145 °C for 24 h in order 
to dissolve the Laves phase. The homogenized ingots with 
an initial thickness of 26 mm were successfully hot rolled 
at 1015 °C using a speed of 3 rpm to a final thickness of 
16 mm. For the first pass, the ingot was hot rolled with 20% 
reduction in thickness and for the subsequent six passes; 
about 15% reduction in thickness was applied, per pass. A 

reheating period of 5 min was considered between the sub-
sequent passes. After hot rolling, the ingot was annealed at 
1145 °C for 1 h. Double-aging, which is commonly used 
in superalloys with the thermal cycle shown in Fig. 3 was 
applied to the annealed samples. X-ray diffraction (XRD) 
patterns were obtained using Cu Kα radiation and a scan step 
size of 0.02°. Room-temperature density was determined 
with a device using the Archimedes method.

The specimens were mechanically polished by SiC papers 
of 400, 600, 800, and 1200 grits, followed by diamond sus-
pensions of 3 and 1 μm. The polished surfaces were etched 
with an etchant composed of 5 ml of lactic acid, 3 ml of 
nitric acid, and 0.2 ml of HF to reveal microstructure in the 
optical and scanning electron microscopes. The microstruc-
ture of hot rolled and annealed samples were characterized 
using a field emission scanning electron microscope (FE-
SEM, Quanta 3D FEG, FEI) equipped with an EDAX.

To prepare specimens for transmission electron micro-
scope (TEM), after an initial thinning of the specimens by 
SiC papers up to 100 μm, 3 mm diameter discs were punched 
out from the 100 μm foil using a Gatan punch and were 
electro-polished using a Struers TenuPol-5 in an electrolyte 
of 10% Perchloric acid and 90% Acetic acid. A voltage of 
27 V and a current of 31 mA were used. A JEOL JEM 2100F 
equipment operating at an acceleration voltage of 200 kV 
was used for TEM imaging, acquiring SAED patterns, and 
HR-TEM analysis.

4  Results and Discussion

T h e  a s - c a s t  m a t e r i a l  w i t h  d i m e n s i o n s  o f 
140 mm × 25 mm × 12 mm had a dendritic structure with 
an average secondary dendrite arm spacing of about 

Fig. 3  Double-aging cycle for HES-A1 similar to standard aging of 
IN718

Fig. 4  SE-SEM image of the a as-cast sample and b homogenized sample with small Laves precipitates
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20 μm. White discontinuous networks of intermetallic 
Laves phases were observed in the center of the inter-den-
dritic region as shown in Fig. 4a. The presence of Laves 
phases is common in Nb-bearing alloying such as 718, 
625, and 909 alloys [52]. Image analysis of SEM images 
indicates that the Laves phase volume fraction in the as-
cast microstructure was 5.5%. Comparing to IN718, the 
volume fraction of Laves phase changed related to the 
cooling rate [53], but similar networks of intermetallic 
Laves phases has been observed and its volume fraction 
varies from 3.2 [54] to 5.4% [55] for the as-cast condition 
in different works. In 718Plus the volume fraction of the 
Laves phase in thin and thick sections has been reported 
to be 1.6%–4.5%, respectively [56]. After homogenization 
heat treatment at 1145 °C for 24 h, the microstructural 
analysis indicated that the volume fraction of Laves phases 
reached below 0.3 vol% in the form of very small and 

dispersed precipitates (Fig. 4b). The black spots in Fig. 4b, 
which are less than one micron in size, demonstrate the 
shrinkage porosity. The volume fraction of porosity is less 
than 0.1% after homogenization treatments. Some pores 
are from casting and some from homogenization treat-
ment. As reported earlier in [57] when the Laves phase 
goes into solution, some porosity may result that are not 
interconnected and are quickly healed during hot working.

Using the EDAX analysis, elemental distribution around 
one of the small precipitates after homogenization treatment 
is shown in Fig. 5 and the average chemical composition 
of these particles is shown in Table 4. The EDAX analysis 
shows that Laves precipitates that remain after homogeni-
zation are rich in Nb and Mo. These observations are in 
agreement with those reported by several authors on vari-
ous types of superalloys [58–61]. It should be noted that no 

Fig. 5  Distribution of the elements around the Laves particle after homogenization treatment

Table 4  Chemical composition 
of Laves particle after 
homogenization treatment (at%)

Ni Al Co Cr Fe Ti Nb Mo

Laves particle 33.68 4.72 5.12 17.80 14.88 1.43 14.51 7.86
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Sigma phase was detected after casting or homogenization 
of HES-A1.

Figures 6a, b show the XRD patterns of the as-cast and 
homogenized samples, which confirm the presence of Laves 
phases in the as-cast sample and single FCC phase in the 
homogenized one. Since the volume fraction of Laves phases 
reached below 0.3 vol% after homogenization, such a low 
content of Laves phase cannot be detected by XRD [62].

A lattice parameter of 0.3576 nm was measured for 
solid solution gamma phase that, as expected, is larger 
than the lattice parameter of pure Ni, which is 0.3517 nm 
[63].

Figure 7 shows optical microscopy images of the ingot 
before and after hot rolling at 1015 °C and annealing at 
1145 °C for 1 h. After homogenization, the grain size of the 
ingot was in the range of 200 μm to 2 mm while the most 
grains were larger than 1 mm. Some abnormality in grain 
size was observed which has been reported earlier for IN718 
during forging [64, 65]. One of the small grains could be 
seen in the center of Fig. 7a. The results clearly indicate that 

hot rolling resulted in a significant grain refinement of the 
large homogenized grains into smaller ones with an average 
grain size of about 69 μm. Most of the grains were more 
than 1 mm in diameter before rolling, while the grain size 
was within the 30 to 100 µm interval after hot rolling. It is 
well known that Ni-based superalloys have low or medium 

Fig. 6  XRD patterns of the a as-cast sample and b homogenized sample

Fig. 7  a Optical image of the 
sample before hot rolling and 
after hot rolling at 1015 °C and 
annealing at 1145 °C for 1 h

Fig. 8  FE-SEM image of HES-A1 after double aging
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stacking fault energy and as a result, dynamic recrystalliza-
tion occurs very rapidly during hot deformation bringing 
grain refinement in the microstructure [66]. As shown in 
Fig. 7b, the significant grain refinement of HES-A1 after 
hot rolling could indicate that HES-A1 has low to medium 
stacking fault energy.

The morphology and distribution of γ′ precipitates were 
examined using FE-SEM and TEM. To this end, similar 
to the standard aging cycle of IN718 alloy, the hot rolled 
sample was held for 8 h at 720 °C, followed by cooling at a 
rate of 55 °C/h, and then was held for 8 h at 620 °C before 
being air cooled to room temperature. Figures 8 shows FE-
SEM image of the double-aged sample in secondary elec-
tron imaging mode (SE), where a uniform distribution of 
nano-size γ′ precipitates throughout the γ matrix can be 
observed. Using ImageJ software and FE-SEM images in 
SE mode, the volume fraction of γ′ in HES-A1 was deter-
mined to be around 31%, which is slightly lower than the 
predicted value by the Thermo-Calc software (Fig. 2a). The 
very small size of γ′ precipitates in Fig. 8 clearly shows that 
TEM observation is the most appropriate technique for their 
characterization.

Figure 9a shows the bright field TEM image of the 
double-aged sample with electron diffraction pattern 
along <011> FCC zone axis. Spherical shape γ′ precipi-
tates with uniform distribution and the average size of 
18.20 ± 3.09 nm after about 18 h of aging could be seen in 
these images. Selected area electron diffraction (SAED) 
was conducted in order to identify crystallographic struc-
tures of matrix and precipitates and the results are pre-
sented in Fig. 9b. The bright spots in the SAED image 
correspond to the γ and γ′ phase with superlattice spots 
from the γ′ phase (because of the ordering within the γ′ 
precipitates). The absence of any additional spot in the 
diffraction pattern indicates the absence of any incoherent 

precipitation. Based on the microstructural characteriza-
tions of HES-A1, it could be concluded that similar to the 
other Nb-bearing superalloys, such as IN718, and 718Plus, 
the as-cast microstructures of HES-A1 has the same level 
of the Laves phase. However, because of the absence of δ 
phase at the grain boundaries and the absence of γʺ as a 
strengthening phase (in the case of IN718) [43], their aged 
microstructures are different. Moreover, HES-A1 has been 
designed deliberately so that, with a higher Al/(Ti + Nb) 
ratio and higher proportion of Al + Ti + Nb it could be 
fully strengthened by γ′ precipitation, similar to the aged 
conditions of the AD730 and Waspaloy. Nevertheless, it 
should be emphasized that because of the Nb content of 
HES-A1, its as-cast microstructure is different from that 
of the AD730 and Waspaloy. On the other hand, γ′ pre-
cipitates in HES-A1 are monomodal and have relatively 
smaller size when compared to other wrought superalloys 
such as AD730 or Waspaloy [67, 68].

Figure 10a shows a high-resolution TEM image of the 
interface between the γ′ precipitate and γ matrix. It could 
be seen that the γ′ precipitates are not completely spheri-
cal at higher magnifications and facets surround some of 
these precipitates. The corresponding fast Fourier trans-
form (FFT) patterns of γ′ and the γ matrix are presented in 
Figs. 10b, c, respectively, which are accurately consistent 
with the results of the diffraction pattern. The FFT pat-
terns confirm the existence of γ′ precipitates and γ matrix 
in the left and right side of the Fig. 10a, respectively. 
Considering the FFT patterns of the γ and γ′ phases, 
{100} and {111} facets could be observed from A to B 
and from B to C in Fig. 10a, respectively. Faceted γ′, at 
such small sizes, have been reported by Whitmore et al. 
[69] for the first time after double aging of the 718Plus 
alloy. The results obtained in the present work, with the 

Fig. 9  a Bright field TEM 
of HES-A1 after aging, 
b SAD pattern of γ/γ′ 
along < 011 > FCC zone axes of 
the aged microstructure
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clear distinction of the interface, further confirm their 
formation.

To further analyze the coherency level of the γ/γ′ inter-
face, the GATAN digital micrograph software was used 
along the {111} facet of the interface in Fig. 10a. To this 
end, a mask was applied in DigitalMicrograph after Fou-
rier transform of the high-resolution images and then, an 
inverse transform of the masked regions was used. Fig-
ure 10d shows an illustrative example of a region of about 
2 nm of the γ/γ′ interface where a very high coherency 
can be observed. As reported by Donachie in precipitate 
strengthened alloys where deformation is impeded by 
the precipitates, the optimal condition is for matrix and 
precipitate to have almost same size crystal lattices [1]. 
In fact, a lower misfit produces minimum elastic strain 
energy and as a result, the rate of precipitate coarsening 
at elevated temperatures will be reduced [70].

5  Conclusions

In this work, a new wrought high entropy superalloy (desig-
nated as HES-A1) was developed using high entropy alloy 
concept, CALPHAD, and Phacomp methods. The alloy is 
characterized with monomodal nano-size γ′ precipitates, with 
a high degree of γ/γ′ interface coherency. The absence of γʺ in 
the microstructure is indicative of its higher thermal stability 
when compared to IN718 alloy. A homogenization heat treat-
ment process was developed that allowed reducing the Laves 
phase content to very low levels. The density, hot workabil-
ity window, and γ′ solvus temperature of HES-A1 are similar 
or better than common wrought superalloys such as IN718, 
718Plus, Waspaloy, and AD730. The successful hot rolling, 
with significant grain refinement, of the developed alloy, con-
firm its potential for application where rolled or forged prod-
ucts are needed.

Fig. 10  a High-resolution TEM image showing the γ/γ′ interface, corresponding fast Fourier transform (FFT) patterns of b γ′ precipitate and c γ 
matrix and d inverse transform of the masked {111} facet of the interface
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