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Abstract: AlCoCuFeMnNi high-entropy alloy was 
fabricated by non-consumable arc remelter. 

AlCoCuFeMnNi and AlCoCuFeMnNi + 1wt% CeO2 

alloys were investigated by XRD prepared on their 
phase structure. The results show that 

AlCoCuFeMnNi alloy has BCC1+BCC2 dual phase 

structure. 1wt% CeO2 addition improves the 

diffraction peak of AlCoCuFeMnNi alloy. The 
mixing entropy is 13.38J·mol-1·K-1, the mixing 

enthalpy is -2.56kJ·mol-1, the atomic radius 

difference is 0.15, and the Gibbs free energy is -
35.73kJ·mol-1 for AlCoCuFeMnNi high-entropy 

alloy. 
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1. INTRODUCTION 

The design concepts of the high entropy alloys 
(HEAs) have more than five main alloying elements 

and each element having 5at% - 35at%, which is 

markedly different from the design idea of traditional 
alloy [1-13]. The existing research results show that 

HEAs have simple phase (such as FCC, BCC, 

FCC+BCC， FCC+FCC and BCC+BCC) and many 

excellent properties[2-13]. Zhang[2] reported that  

FeCrNiCoMnBx high-entropy alloy coating was 

prepared by laser cladding on a low carbon steel 

substrate, and the coating had a simple FCC structure 
with boride precipitation. Boride precipitation was 

mainly the (Cr,Fe)2B phase when the boron content x 

was increased from 0.25 to 0.75. Choudhuri[3] 
reported that the phase structure of AlxCuCrFeNi2 

changed the primary solidification phase from a 

simple disordered-FCC to a bcc-based ordered-B2 

phase with increment of Al content from x=0.8 to 
x=1.0 (+6at%), and a second solidification product 

forms, a disordered-BCC in case of x = 0.8 and a 

disordered-fcc in case of x = 1.0. Li[4] reported that 

HEA fibers with diameters ranging from 1 to 3.15 
mm in diameter, with the composition of 

Al0.3CoCrFeNi (atomic percent, at.%), were 

successfully fabricated by hot-drawing, and these 

analyses revealed a homogeneous FCC structure in 
the as-cast material, while post processing produced 

nanosized B2 particles in an FCC matrix. Shang[5] 

reported that the final milling products for as-milled 
CoCrFeNi(W1−xMox) (x = 0, 0.5) coating powders are 

the mixture of BCC and FCC solid solution phases, 

while order FCC phase exists for CoCrFeNiW. 

VHPS-ed CoCrFeNiW and CoCrFeNiW0.5Mo0.5 
HEACs are 600 and 650μm in thickness respectively, 

and bear a good metallurgical bonding to the 

substrate. Both HEACs comprise two FCC phases 
with a small amount of δ-NiW and σ-CoCr phases. 

Mohanty[6] reported that MA powder showed the 

presence of FCC (τ) and BCC (κ) solid solution 

phases, indicated that BCC (κ) solid solution 
undergoes eutectoid transformation during sintering 

leading to the formation of L12 ordered α′ and σ 

phases, whereas FCC (τ) phase remains unaltered 

with a slight change in the lattice parameter. Tan[7] 
reported that CoCrFeNiMnPd eutectic high-entropy 

alloy was designed and prepared, and through a series 

of experimental characterization and theoretical 
analysis, it could be concluded that the sluggish 

diffusion effect of high-entropy alloys makes the 

interface deviate considerably from the local non-

equilibrium condition and the alternate arrangement 
of CoCrFeNiPd-rich FCC and Tetragonal Mn7Pd9 

lamellae results in weak interface energy anisotropy, 

thus forming the seaweed eutectic-dendrite. Li[11] 

reported that the pressure– volume relationship of the 
AlCoCrCuFeNi high-entropy alloy at room 

temperature had been studied using in situ high-

pressure energy-dispersive x-ray diffraction with 
synchrotron radiation at high pressures. The equation 

of state of the AlCoCrCuFeNi HEA was determined 

by the calculation of the radial distribution function. 

The experimental results indicate that the HEA keeps 
a stable FCC+BCC structure in the experimental 

pressure range from 0 GPa to 24 GPa. In this paper, 

AlCoCuFeMnNi high entropy alloy was prepared by 

melting casting method. The influence of CeO2 
doping on its phase structure were discussed in detail, 

providing theoretical guidance for the theoretical 

system improvement and subsequent research of high 
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entropy alloy. 
 

2. EXPERIMENTAL 

AlCoCuFeMnNi high-entropy alloy was fabricated 

by noon-consumable arc remelter. The pure metals of 
Al, Co, Cu, Fe, Ni and Mn with 200 mesh size and 

higher purity than 99.5wt% were used as raw 

materials. The above metal powders having equal 
molar ratio were mixed by ball milling, compacted, 

and prepared using WK type non-consumable arc 

melting furnace under argon environment. The alloy 

ingot was smelted five times in order to obtain 
unifrom composition. The preparation process of 

CeO2 doping sample was identical to that of the 

samples without doping. The cast ingot was cut into 
10mm*10mm*5mm block samples by DK7716 

electrical discharge machining(EDM).  The crystal 

structure and phase purity of the synthesized samples 

were identified by x-ray diffraction (XRD) analysis 
using an Rigaku Ultima IV X-ray diffractometer with 

Cu Kα radiation operated at 40kV and 30mA. 

Diffraction data were recorded range from 30° to 80°. 

 
3. RESULTS AND DISCUSSION 

 

 
Figure 1. XRD patterns of AlCoCuFeMnNi and 

AlCoCuFeMnNi + 1wt CeO2 high-entropy alloy 

 

Figure 1 is the XRD patterns of the AlCoCuFeMnNi 
alloy and AlCoCuFeMnNi + 1wt CeO2 alloy. As can 

be seen from Figure 1, the two alloys are double BCC 

phase. After doping 1wt% CeO2, the intensity of 
diffraction peaks had a significant improvement. This 

was because the rare earth elements can improve the 

decontamination of alloy solution, the performance 

and the grain refinement of cast alloys. Thus, the 
crystallinity of the alloy was enhanced and the 

diffraction peaks enhanced [9]. Owing to high mixing 

entropy effect, the phase structures of the two alloys 
had no intermetallic compounds. Compared with the 

lattice extinction rule, the phase structure was 

composed by two kinds of BCC phases for 

AlCoCuFeMnNi high-entropy alloy. The diffraction 
peaks of BCC1 were belonged to (111), (200), (220) 

and (311) crystal planes. The diffraction peaks of 
BCC2 were corresponded to (111), (200), (220), (311) 

and (222) crystal planes. According to the Gibbs free 

energy law [14-16]: 

mix mix mixG H T S                  (1)  

                                                                                                             
Where ΔHmix is the mixing enthalpy, T is the 

thermodynamic temperature, and ΔSmix is the mixed 

entropy. From the Eq. 8, the mixing enthalpy and the 
mixed entropy were two competition factors for the 

change of the system free energy. There was 

beneficial to the reduce of system free energy, alloy 

ordering and segregation trend with the increment of 
the mixed entropy especially at high temperature, 

which made the disordered solid solution formed 

easily compared with the intermetallic compounds 
during solidification. Based on the Boltzmanna 

hypothesis of the relationship between entropy and 

system confusion, the alloy mixed entropy ΔSmix can 

be expressed as [16]: 

mix

1

ln
n

i i

i

S R c c


                (2)                                                                                                                                                                                                                                          

mix lnS R n                     (3) 

 

Table1 Mixed enthalpy between the various 

elements[17] (kJ/mol) 

 Al Co Cu Fe Mn Ni Ce 

Al 
− -19 -1 -11 -19 

-22 -

38 

Co 
-19 − 6 -1 -5 

0 -

18 

Cu 
-1 6 − 13 4 

4 -
21 

Fe -11 −1 13 − 0 -2 3 

Mn −19 -5 4 0 − -8 1 

Ni 
-22 0 4 -2 -8 

− -
28 

Ce -38 -18 -21 3 1 -28  

 

Where ci is the mole percent of the i-th component in 

the alloy system (
1

1
n

i

i

c


 ), and R is the gas 

constant. The mixing enthalpy ΔHmix can be 
expressed as [4,16]: 

1,

n

mix ij i j

i i j

H c c
 

                (4) 

4 mix

ij ABH                       (5) 

Where Ωij is the interaction parameter of component 

between the i-th and the j-th elements, 
mix

ABH  is the 

enthalpy of mixing for the binary equal atomic A-B 
alloy calculated by the Miedema model[17]. Table1 

was the mixed enthalpy between the various 

elements[17]. According to the Hume-Ruthery rule, the 
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atomic radius difference δ can be expressed as: 
                                                                                                                       

2

1

= (1 )i

n
r

i r

i

c


                    (6) 

                                                                                                                                 

1

n

i i

i

r c r


                          (7) 

Where ri is the atomic radius of i component, is the 

average atomic radius of the alloy components[18-22]. 

Table2 was element characteristic parameters of 
AlCoCuFeMnNi and AlCoCuFeMnNi + 1wt CeO2 

alloy. From Eq. 1-7, the mixing entropy is 

13.38J·mol-1·K-1, the mixing enthalpy is -
2.56kJ·mol-1, the atomic radius difference is 0.15, 

and the Gibbs free energy is -35.73kJ·mol-1 for 

AlCoCuFeMnNi high-entropy alloy. The mixing 

entropy is 13.54J·mol-1·K-1, the mixing enthalpy is -
2.78kJ·mol-1, the atomic radius difference is 0.56, 

and the Gibbs free energy is -37.73kJ·mol-1 for 

AlCoCuFeMnNi + 1wt CeO2 high-entropy alloy. 
 

Table2 Element characteristic parameters of 

AlCoCuFeMnNi and AlCoCuFeMnNi + 1wt CeO2 

alloy 

Elem
ent 

Melting 
point  

(℃) 

Electro
negativ

ity 

Atomic 
radius 

(nm) 

Lattice 
structure 

Al 660 1.61 0.143 FCC 

Co 1495 1.88 0.125 HCP/BCC 
Cu 1083 1.90 0.128 FCC 

Fe 1535 1.83 0.127 BCC/FCC 

Mn 1244 1.55 0.126 BCC 
Ni 1453 1.92 0.125 FCC 

Ce 798 1.12 0.182 FCC 

 

 
Figure 2. Relationship between delta and ΔHmix for 

MHAs and typical multicomponent bulk metallic 
glasses[21] 

 

Figure 2 was relationship between delta and ΔHmix for 

MHAs and typical multicomponent bulk metallic 
glasses[21]. For comparison, the corresponding 

parameters of the typical multicomponent bulk 
metallic glasses were also calculated. According to 

the above calculation results, AlCoCuFeMnNi and 

AlCoCuFeMnNi + 1wt CeO2 high-entropy alloy were 

belonged to the area of solid solution. 
 

4. CONCLUSIONS 

AlCoCuFeMnNi and AlCoCuFeMnNi + 1wt CeO2 
alloy had double BCC phase. After doping 1wt% 

CeO2, the intensity of diffraction peaks had a 

significant improvement becasue rare earth elements 

can improve the decontamination of alloy solution, 
the performance and the grain refinement of cast 

alloys. The diffraction peaks of BCC1 were belonged 

to (111), (200), (220) and (311) crystal planes. The 
diffraction peaks of BCC2 were corresponded to 

(111), (200), (220), (311) and (222) crystal planes. 

The mixing entropy is 13.38J·mol-1·K-1, the mixing 

enthalpy is -2.56kJ·mol-1, the atomic radius 
difference is 0.15, and the Gibbs free energy is -

35.73kJ·mol-1 for AlCoCuFeMnNi high-entropy 

alloy. The mixing entropy is 13.54J·mol-1·K-1, the 

mixing enthalpy is -2.78kJ·mol-1, the atomic radius 
difference is 0.56, and the Gibbs free energy is -

37.73kJ·mol-1 for AlCoCuFeMnNi + 1wt CeO2 

high-entropy alloy. According to the above 
calculation results, AlCoCuFeMnNi and 

AlCoCuFeMnNi + 1wt CeO2 high-entropy alloy 

were belonged to the area of solid solution. 
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