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Message from "Special Issue of high entropy materials, powders, films, fibers and bulks" 

 

 

In the past decades, the topic of high-entropy materials has made remarkable achievements and its 

application scope covers almost all kinds of fields. According the Shannon, entropy is the inverse of 

information, it indicates the randomness occupation of the components in the space, which is proportional to 

the content of the components if the system is completely random. Materials science is mainly focused on 

the topic of relation between the properties and micro- and nano- structures. In another word, the properties 

are determined by the micro- and nano- structures. Furthermore, the micro- and nano- structures can be 

adjusted by changing the compositions and processing. The high entropy conception extended the 

compositions of materials from the corner in the phase diagram to the center, and greatly increasing the 

composition space. Combining with the rapidly developed processing techniques, unique and wonderful 

structures in the micro- and nano- length scale of the high entropy materials are created and constructed, and 

the excellent properties are promising and expected. Research in the field of high-entropy materials is 

advancing rapidly. The special issue focuses on materials discovered using the high-entropy-alloy (HEA) and 

materials genome initiative (MGI) strategies. It discusses various types of high-entropy materials, such as 

face-centered cubic (FCC) and body-centered cubic (BCC) HEAs, films and coatings, wires and fibers, and 

powders and hard-cemented carbides. 

In recent years, the high entropy materials is focusing on the studying of relationship among the 

properties, compositions, and processing; Summarizing industrially valuable alloys found in high-entropy 

materials that hold promise for promotion and applications; Explaining how high-entropy materials can be 

used in many fields and can outperform traditional materials.  

In the future, high entropy materials with unique properties and excellent performance will be explored 

and used to replace tradition materials; new technologies, such as machine learning, data twinning, high 

throughput technology, will be used to design and develop the compositions and processing of the high 

entropy materials.  

In order to timely reflect the latest research achievements of high entropy materials and provide 

opportunities for academic exchange, we specially organized a special issue of high entropy materials. 

Professor Yong Zhang of University of Science and Technology Beijing (USTB) was invited to organize this 

issue. Six articles will be published in this issue, the corresponding and/or first authors of the papers are 

Professor GH Geng, Professor G Li, Dr X Yang, Dr P Song, MS YQ Wu, and MS YX Wen, respectively, 

which ensured the publication of the special issue at a high level. 

Finally, we would like to thank Professor Yong Zhang for his efforts in publishing this special issue. 

From the planning of the special issue, the organization of manuscripts, the recommendation of experts and 

the review of manuscripts, professor Zhang have given warm, rigorous and meticulous help in the whole 

process, which providing strong technical guarantee and selfless dedication for the academic quality of 

special issue. We also thanks MS QY Su, who devoted lots of efforts for this special issue. We would like to 

express our high respect and sincere thanks! 

 

 

 

  



 

 

 
 
 

 

 

Yong Zhang graduated from Yanshan University with a bachelor’s degree in 1991, and 

obtained a master’s degree and PhD from the University of Science and Technology Beijing (USTB) in 

1994 and 1998, respectively. Then he joined the Institute of Physics (IOP), Chinese Academy of Science 

(CAS), and worked as Postdoctoral Fellow. In 2000, he joined the Singapore-Massachusetts Institute of 

Technology (MIT) Alliance (SMA) and the National University of Singapore (NUS), and worked as 

Research Fellow in the program of Advanced Materials for Micro & Nano-Systems (AMM&NS). In 2004, 

he was promoted to Full Professor in 2004 at the USTB. In 2005, he was awarded the New Century 

Excellent Talent (NCET) by the Ministry of Education of China. He was a Senior Visiting Scholar at the 

University of Tennessee, Knoxville, USA.  

He prepared the bionic dendrite and fish-bone structure of amorphous and highentropy composites 

by using the Bridgman-solidifi cation technique. He prepared the bionic bamboo-fi ber structure 

high-entropy wires by using cold-drawing methods. He prepared the glass-coated Cu alloy fi bers with 

shape-memory effect and super-elastic strain limits with bamboo-joint structures. He prepared the 

lotus-shaped amorphous porous alloys by using the etching technique. He prepared the fi rst single-crystal 

high-entropy alloys, Al 0.3 CoCrFeNi and Al 0.3 CoCrFeNi 2. The invention of trace rare earth elements 

can improve the glass-forming ability (GFA) of amorphous alloys, which has been widely used in 

academia and industries. The first body-centered cubic (BBC) alloy with high strength and high entropy 

was synthesized. The ratio parameter w of information entropy and mixing enthalpy was put forward to 

evaluate the disorder of materials, which has been proven by a large number of documents to be effective 

in predicting the formation of random solid-solution and amorphous phases.  

High-entropy alloy fiber and high-entropy alloy photo-thermal selective films have been successfully 

studied. Professor Zhang participated in publishing the monograph Amorphous and High-Entropy Alloys; 

Advanced High-Entropy Alloys Technology ; High-Entropy Materials, A Brief Introduction; Magnetic 

Sensors-Development Trends and Applications ; Stainless Steels and Alloys ; Engineering Steels and 

HighEntropy Alloys ; High-Entropy Alloys, Fundamental and Applications ; High-Entropy  

Alloys, Innovations, Advances, and Applications, and more. He participated in the Ministry of Education 
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Natural Science First Prize and Second Prize, the National Natural Science Second Prize, and the Shanxi 

Provincial Education Department Natural Science First Prize. He is also Member of the Amorphous 

Committee of the Metal Society, Fellow of the China Materials Research Society, and Fellow of the 

Nuclear Materials Society. Professor Zhang participated in organizing the conference on high-entropy 

alloys and serration behaviors, and served as Chair or Co-chair. He was Flexible Appointed Professor in 

the North Minzu University. He is also Science and Technology Correspondent of Guangdong Province 

and Guest Professor at North University of China. He has been selected as one of the thousand talents in 

Qinghai Province. He has edited the albums “Serration and Noise Behaviors in Advanced Materials”, 

“Nanostructured High-Entropy Alloys”, “The New Advances in High-Entropy Alloys”, and more. 

Professor Zhang devoted himself to studying serration behavior, high-throughput technology, and 

collective effect in materials science.  

Professor Zhang has obtained 2 USA patents and 8 China patents, has published more than 200 

papers, and has been cited more than 30,000 times. And one paper published in the journal Progress in 

Materials Science has been cited over 3,000 times. He is highly cited Author by Elsevier. He has published 

a paper in Science and reported in the paper Nature . He is Reviewer of many journal papers and books, 

including Nature, Science , Nature Reviews Materials , and Progress in Materials Science . 

He is currently Editor-in-Chief of Journal of Metals, Section Editor-in-Chief of Journal of Metals 

and Entropic Alloys and Meta-Metals, and Associate Editor for Structural Materials in the Frontiers in 

Materials . He is also Editorial Committee Member of the journal Metals and Materials International. He is 

Editorial Board Member of the International Journal of Minerals, Metallurgy, and Materials (IJMMM), 

Metals World , Metals , and others; and Editorial Advisory Board Member of the journal of High Entropy 

Alloys and Materials .  

Professor Zhang’s main research interest is the development of new materials in bulk, fi lm, and 

fiber forms by using high-entropy and Materials Genome Initiative (MGI) strategies to set up the 

relationship between micro- and nano-scale structures with their properties and performances.  

 

 
  



 

 

 
 

 

Ping Song, associate professor of Yanshan University. He received his 

doctor's degree from Beihang University in 2020. He hosted one National Natural 

Science Foundation project and one Hebei Natural Science Foundation project 

respectively. More than 25 SCI papers have been published in journals such as Solar 

Energy Materials and Solar Cells, ACS Applied Materials & Interfaces, Applied 

Physics Letters, and Physical Review Applied. Research interests include but are not 

limited to i) Preparation and multi-field regulation of antiferromagnetic materials, and 

related magnetic and electrical transport properties, such as pressure magnetic effect 

and anomalous Hall effect; ii) Preparation, structure and performance control of 

nano-magnetic functional materials; iii) Heat absorption, radiative cooling and other 

solar-thermal conversion devices, including solar spectrum selective 

absorption/radiation coating, high entropy materials, etc. 

 

Guihong Geng is a professor in North Minzu University. He obtained his 

doctoral degree from the Chinese Academy of Space Technology in 2003. He has 

successfully completed one research project supported by the National Natural Science 

Foundation of China and is currently working on another. Additionally, he has led six 

research projects at the provincial and ministerial levels. Dr. Geng has published over 

60 papers, including more than 30 papers indexed by SCI and EI. His primary research 

interests lie in the areas of metallic materials, materials processing engineering, and the 

utilization of composite field effects to address issues related to material segregation. 

 

Xiao Yang is an associate researcher at Key Laboratory of Cryogenics, 

Technical Institute of Physics and Chemistry, Chinese Academy of Sciences. His 

research directions mainly focus on: the phase formation rule of high-entropy alloys 

(HEAs), synergistic mechanism of strengthening and corrosion resistance for 

high-performance HEAs, and the high-gravity (extreme) preparation technology of 

HEAs. The representative scientific research achievements are as follows: (1) A new 

criterion for the formation of multi-component solid solutions in HEAs was proposed, 

namely: Ω ≥ 1.1 and δ ≤ 6.6 %. This phase formation criterion has been used as a 

semi-empirical criterion for the composition design of HEAs, and has been widely 

used by domestic and foreign counterparts. The work was published in Materials 

Chemistry and Physics. (2) The entropy stability design theory of 

precipitation-strengthened FCC structure HEAs was proposed, and a HEA system with 

high strength, high toughness and high corrosion resistance was developed. The 

comprehensive properties of this alloy have reached the international advanced level. (3) 

A high-gravity combustion synthesis special preparation technology suitable for the 

preparation of high-entropy alloys has been developed, which realizes the low-cost and 

efficient preparation of high-entropy materials, and provides a new way for the 

large-scale production and application of high-entropy materials. Based on the above 

achievements, he has published more than 40 academic papers with a total of over 3,000 

citations, and has applied for 9 national invention patents, 6 of which have been 

authorized, and has published one book of Advanced Technology in High-entropy Alloys. 

About the Author  

 



 

 

 
 

 

Yuxin Wen is a Master degree candidate at the University of Science and 

Technology Beijing (USTB), supervised by Prof. Zhang Yong. Her research work 

focuses on "copper-based high-entropy alloys with high strength and high 

conductivity". She studied The effect of binder phase content on 

WC-AlCoCrFeNiTi0.2 high entropy cemented carbides microstructure and 

mechanical properties, which have been published in 《Materials Reports》. In 

addition, she had co-edited an English book chapters with Professor Zhang. The title 

of the book is “High-entropy materials: advances and applications”, by CRC press, 

the chapter title is: “High-Entropy Powder and Hard-Cemented Carbide Alloys”. 

 

Gong LI received her PhD in Condensed mater physics, Institute of 

Physics, Chinese Academy of Sciences. After post-doctoral position in Metal physics 

at Max-Planck-Institut für Metal, financial supported by Max-Planck Society, she got 

a professor position at State Key Laboratory of Metastable Materials Science and 

Technology, Yanshan University. From Feb 2012-Feb 2017, she got her visiting 

position in The University of Tennessee, and doing research on disordered 

multi-principal element alloys using synchrotron in APS, Argonne, and neutron in 

ORNL, Oak ridge. Then on Mar-June 2019 in Rice University, Texas, she did 

scientific research on Bio-materials. Her current research interests are phase 

transitions driven properties optimization under extreme condition in disordered 

system, including metal, inorganic non-metal and small organic materials by 

synchrotron/neutron resources. 

 

Yaqi Wu is a PHD candidate at the University of Science and Technology 

Beijing (USTB), supervised by Prof. Zhang Yong. Her research work is focused on 

the topic of “amorphous alloys” and “designing and component optimizing of soft 

magnetic high-entropy alloys by using materials genome initiative (MGI)”. She 

proposed “Three-dimensional balanced growth theory” for the amorphous alloys and 

published a review article on the journal of Frontiers material. In 2021, she prepared 

the body centered cubic (BCC) structured TiZrNbMoV high-entropy alloy by using 

powder sintering, studied the mechanical behaviors, and the related results had been 

published on the journal of Metals. In the same year, she applied a patent for high 

throughput screening of high entropy alloys and obtained a licensed software 

copyright of the phase formation rule calculation. In addition, she had co-edited two 

English book chapters with Professor Zhang. The title of the first book is “Advances 

in High-Entropy Alloys: Materials Research, Exotic Properties and Applications”, by 

Intechopen publisher, the chapter title is: “Desigh and High-Throughput Screening of 

High-etropy Alloys”; the title of the second book is: “High-entropy materials: 

advances and applictions”, by CRC press, the chapter title is: “High-Entropy 

Ceramics and Intermetallic Compounds”. 

 

About the Author  

 





 

 Research and Application of Materials Science  Vol. 4  No.2  2022                                                             1 

Viser Technology Pte. Ltd.  

Research and Application of Materials Science 

DOI: 10.33142/rams.v4i2.8463 

  

Enhancement of Near-Field Radiative Heat Transfer based on 

High-Entropy Alloys 

Shanshan DENG, Ping SONG
*
, Boxi ZHANG, Sen YAO, Zhixin JIN, Defeng GUO 

State Key Laboratory of Metastable Materials Science and Technology and Key Laboratory for Microstructural Material Physics of 
Hebei Province, School of Science, Yanshan University, Qinhuangdao 066004, P. R. China 

*Corresponding Author: Ping Song,e-mail: psong@ysu.edu.cn 

Abstract: 

The enhancement of near-field radiative heat transfer (NFRHT) has now become one of the research hotspots in the fields of thermal 

management and imaging due to its ability to improve the performance of near-field thermoelectric devices and near-field imaging 

systems.  In this paper, we design three structures (multilayer structure, nanoporous structure, and nanorod structure) based on 

high-entropy alloys to realize the enhancement of NFRHT. By combining stochastic electrodynamics and Maxwell-Garnett's 

description of the effective medium, we calculate the radiative heat transfer under different parameters and find that the nanoporous 

structure has the largest enhancement effect on NFRHT. The near-field heat transfer factor (q) of this structure (q = 1.40×109 W/ 

(m2·K)) is three times higher than that of the plane structure (q = 4.6×108 W/ (m2·K)), and about two orders of magnitude higher than 

that of the SiO2 plate. This result provides a fresh idea for the enhancement of NFRHT and will promote the application of 

high-entropy alloy materials in near-field heat radiation. 

Keywords: near-field radiative heat transfer; high-entropy alloys; multilayer structure; nanoporous structure; nanorod structure  

 

1 Introduction 

Near-field radiative heat transfer (NFRHT) has 

become a hot topic in the fields of thermoptoelectronics 
[1-5]

, energy harvesting 
[6-8]

, sensing 
[9-10]

, and thermal 

management 
[11-13]

. When the distance between two 

objects is at the nanometer level, the NFRHT can break 

the limit of Planck's law due to the coupling of photon 

tunneling and evanescent waves. This may be several 

orders of magnitude larger than the far-field heat transfer 

between two black bodies. To date, NFRHT has been 

studied in some isotropic and anisotropic materials. For 

isotropic materials, e. g., graphene, doped silicon, and 

gold, structures such as nanowires, nanopores, multilayer 

membranes, and 1D gratings have been designed to 

obtain a higher heat flow 
[14-21]

. Graphene plasmons can 

couple evanescent waves in a near-field resonance, 

thereby enhancing the radiative heat flux through the 

nanoscale vacuum gap. Van Zwol et al. 
[14] 

demonstrated 

that the NFRHT between SiO2 microspheres and the 

substrate was significantly increased by a single layer or 

several layers of graphene lying on the SiC substrate. Liu 

et al. 
[16]

 found that both doped silicon nanowires and 

nanopores can achieve an order of magnitude 

enhancement than bulk-doped silicon. Guerot et al. 
[21] 

predicted that the heat transfer between two gold gratings 

was increased by an order of magnitude more than that 

between two gold substrates. For anisotropic materials, 

the natural hyperbolic hexagonal boron nitride (hBN) has 

been mainly studied 
[22-24]

, which can support multiple 

orders of phonon-polaritonic waveguide modes in its two 

infrared bands. Surface plasmons in graphene can couple 

with the phonon polaritons in hBN films to form hybrid 

polaritons that greatly enhance photon tunneling and then 

enhance the NFRHT. Zhao et al. 
[22]

 found that 

monolayer graphene on hBN films is more than twice as 

heterogeneous as graphene monolayer or hBN films. Shi 

et al. 
[24]

 demonstrated that a multilayered structure 

consisting of five or more graphene-hBN units has a 

thermal flux four orders of magnitude larger than the 

black body. 

Recently, we have studied the thermal radiation 

based on high-entropy alloys and found a broadband and 

wide-temperature-range thermal emission effect of 

high-entropy alloys 
[25]

. This result predicts the 

possibility of applying high-entropy alloys to the field of 

NFRHT. In this paper, we combine hyperbolic materials 

hBN and high-entropy alloys to form multilayer 

metasurface structure and use high-entropy alloys to 

form nanoporous and nanorod structures. By changing 

the different parameters of the structure and materials, 

the optimal structure that maximizes the NFRHT 

efficiency is obtained. It is found that the nanoporous 

structure has the largest enhancement effect on NFRHT. 

The near-field heat transfer ability of this structure is two 

Copyright © 2022 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons 
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orders of magnitude higher than the heat transfer rate of 

the SiO2 plate under the same conditions. 

2 Experiment 

NiCrCuFeSi (referred to as NCCFS) high-entropy 

alloy is selected as the object to study NFRHT. To make 

the high-entropy alloy have better and more meaningful 

characteristics, we choose to use the nitrided NCCFS 

alloy (referred to as (NCCFS) N) for research and 

analysis 
[26]

. The nitrogen content is determined by the 

nitrogen flow rate x. 

 

Figure 1  Schematic diagram of three structures based 

on the high-entropy alloys. (a) Multilayer structure. (b) 

Nanoporous structure. (c) Nanorod structure 

We simulated the heat transfer factor under the 

optimal structure to explore the actual enhancement of 

NFRHT between parallel structures. Our first structure 

uses (NCCFS)N and hyperbolic hexagonal boron nitride 

(hBN) as materials to design a multilayer structure, as 

shown in Figure 1(a). Two flat plates are semi-infinite 

media, and d is the distance between two parallel plates. 

The thickness of the metal layer (NCCFS) N is expressed 

as dn, and the thickness of the medium layer hBN is 

expressed as dh. The dielectric function has a general 

expression in theory 
[27]

: 

        (1) 

where ω is the frequency of the incident 

electromagnetic wave, ωp,j the plasma frequency, ωg,j the 

response frequency, γj the damping coefficient. The 

dielectric function model in this study is mainly the 

Drude model 
[28] 

applicable to metal materials. Its motion 

equation is: 

          (2) 

where m is the electron mass and e is the charge and 

electric quantity. The real part (ε1) and the imaginary part 

(ε2) of the dielectric function can be deduced from the 

equation 
[16]

. The expressions are: 

           (3a) 

          (3b) 

               (3c) 

In this paper, the real part and imaginary part of the 

dielectric function of (NCCFS) N high-entropy alloy at 

different nitrogen concentrations are from Ref. 
[26]

. For 

multilayer parallel structures formed by alternate 

combination, εx=εy=ε
||
, εz= ε

⟂
, its dielectric function 

formula is as follows 
[29]

: 

             (4a) 

           (4b) 

Our other two structures are the alternative 

combination of high-entropy alloy and air to form 

nanoporous or nanorod structures, as shown in Figure 

1(b) and 1(c). In Maxwell – Garnett theory, the effective 

properties of composite media are obtained by taking one 

component of the composite as the substrate and 

embedding all other components into the substrate as 

filler materials. The materials do not contact each other. 

The relationship between dielectric functions in different 

directions and material parameters under nanoporous 

structure is as follows: 

            (5a) 

           (5b) 

𝑓1 =
𝑉𝑎𝑖𝑟

𝑉(𝑁𝐶𝐶𝐹𝑆)𝑁
               (5c) 

From the above formula, it can be deduced that the 

dielectric function expressions of the electric field 

parallel to the optical axis and perpendicular to the 

optical axis in the nanoporous structure are respectively: 

𝜀|| =
2𝜀𝑎

1−𝑓1
𝜀𝑛−𝜀𝑎
𝜀𝑛+𝜀𝑎

− 𝜀𝑎            (6a) 

𝜀⊥ = 𝑓1(𝜀𝑛 − 𝜀𝑎) + 𝜀𝑎          (6b) 

where f1 refers to the volume filling rate of the 

nanoporous structure, which is equivalent to a 

controllable constant in the program, εn the dielectric 

function of the high entropy alloy, εa the dielectric 

constant of air, εz the dielectric function of the electric 

field along the optical axis. Because it is equivalent to 

the weighted average of the dielectric functions of 

(NCCFS) N film and air, it is essentially determined by a 

weakened Drude model. 

For the nanorod structure, it is equivalent to the 

opposite of the nanoporous structure, that is, the columnar 

filling of the high-entropy alloy is carried out with air as the 

substrate. The dielectric function formula of nanorod 

structure is εn and εa after the position is changed, the filling 

ratio f1 is the reciprocal of f1. Biehs et al. calculated the heat 

transfer factor (q) between two anisotropic planar media 

separated by the true space gap d at the temperature T 
[30]

. 

  (7a) 

(7b) 

where the ξ(ω,β,φ) is the energy transmission 

coefficient. The heat transfer factor can directly reflect 

the efficiency of heat transfer. This paper discusses the 

enhancement of NFRHT by calculating the heat 

transfer factor. 
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3 Results and discussion 

A. Enhancement of NFRHT by multilayer structure 

The simulated result of the multilayer structure is 

shown in Figure 2(a). The value of q can be tuned by the 

distance between parallel plates (d) and the thickness 

ratio between (NCCFS)N film and Hbn (dn/dh). As 

shown in Figure 2(a), the value of q increases with the 

decrease of d and will have a sharp increase when d ＜ 

30 nm. When changing the dn/dh, the value of q no longer 

varies monotonically as dn/dh changes. It’s going to peak 

at a certain value of dn/dh. The maximum value of q is 

3.84×10
8 
W/ (m

2
·K) at dn/dh = 0.1 when d = 30 nm. This 

result is 17.8% higher than that of a single Hbn film (q = 

3.26×10
8
 W/ (m

2
·K)). We further investigate the nitrogen 

content (x) effect on q. As shown in Figure 2(b), with the 

increase of x, the value of q shows a trend of increasing 

first and then decreasing. When x = 1.0 sccm, the value 

of q reaches a peak of 4.64 × 10
8 
W/ (m

2
·K), which is 1.4 

times higher than that of a single Hbn film.  

 

Figure 2  (a) q value of multilayer structure under 

different conditions. (b) The effect of nitrogen flow x on 

q under the condition of d = 10 nm and dn/dh = 0.1 

B.Enhancement of NFRHT by nanoporous structure 

To further increase the near-field heat transfer 

performance of high-entropy alloys, we designed the 

metastructure of the nanoporous structure. As shown in 

the inset of Figure 3, nanoporous (NCCFS)N materials 

are designed and the dimension scale of the nanoporous 

structure is defined by the volume filling ratio of air (f1 = 

Vair/V(NCCFS)N). The simulated values of q under different 

f1 are shown in Figure3. When the distance (d) between 

the two nanoporous structures (as shown in Figure 1(b)) 

is fixed, the value of q increases gradually with the 

increase of f1 and it reached 1.40 × 10
9 
W/(m

2
·K) at f1 = 

0.9. This result is about 20 times that of f1 = 0 and is 2 

orders of magnitude higher than the heat transfer rate of 

the SiO2 plate under the same conditions. This may be 

due to the additional surface waves in the nanoporous 

structure generating supplementary heat transfer 

channels in the entire gap.  

 

Figure 3  Distance between the two nanoporous 

structures (d) dependence of q under different f1 

C.Enhancement of NFRHT by nanorod structure 

We also design the nanorod structure based on the 

(NCCFS)N high-entropy alloys and the dimension scale 

of the nanorod structure is defined by the volume filling 

ratio of the (NCCFS)N high-entropy alloys (as shown in 

the inset of Figure4). The simulated values of q under 

different f2 are shown in Figure4. At the certain d value, 

the heat transfer factor of the nanorod structure decreases 

with the increase of f2. The maximum value of q is 

7.70×10
8
W/ (m

2
·K) at f2 = 0.1 and d= 10 nm and this 

value of q is about 11 times that of f2 = 1. 

 

Figure 4  Distance between the two nanorod structures 

(d) dependence of q under different f2 

4 Conclusion 

In summary, we calculated the heat transfer factors 

of multilayer structure, nanoporous, and nanorod 

structures designed based on (NCCFS) N high-entropy 

alloys under different parameters. The simulation results 

show that these three types of structures can effectively 

enhance near-field heat radiation. From the comparison 

of three structures and different material parameters, the 

nanoporous structure is the optimal structure for 

near-field heat transfer enhancement. The maximum q 

value is taken when d = 10 nm, f1 = 0.9, and q = 

1.40×10
9
W/ (m

2
·K), which is about 20 times that of f1 = 

0 and is 2 orders of magnitude higher than the heat 

transfer rate of the SiO2 plate under the same conditions. 
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This may be due to the existence of additional surface 

waves in the nanoporous structure, which generates 

supplementary heat transfer channels in the entire gap. 

Our result will promote the application of high-entropy 

alloys in energy collection and thermal management. 
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Abstract: 

Undercooling of ternary CoCrNi medium entropy alloy (MEA) was achieved by molten glass fluxing method. The influence of 

undercooling on microstructure and mechanical properties of was investigated. The microstructure changes during the undercooling 

process identified by transmission electron microscope and scanning electron microscope shows that the grain size and intergranular 

phase all change after the undercooling treatment. The yield strength of the ternary MEA increased significantly after undercooling 

treatment, which attribute to the refined grain size and the formation of the new phase. Undercooling method can be used as a 

potential method to modify the microstructure and improve the mechanical properties of MEAs. 

Keywords: Medium-entropy alloy; undercooling; microstructure; mechanical properties 

 

1 Introduction 

Traditional alloys include one or two principal 

elements, but high entropy alloys (HEAs) have broken 

the traditional concept defined by Yeh et al. 
[1-4]

, which 

brings many challenges and opportunities for the 

traditional material industry. Different from traditional 

alloys, although HEAs are composed of multiple 

elements, these alloys tend to form simple structures 

rather than complex intermetallic compound such as 

face-centered-cubic (FCC), body-centered-cubic (BCC), 

hexagonal-close-packed (HCP) or a mixture of FCC and 

BCC 
[3]

. Since the mixing entropy of the HEA is very 

high, when the component increases, the high entropy 

effect enhances the mutual solubility of alloying 

elements, which inhibits the formation of intermetallic 

compounds and complex phases, and promotes the 

appearance of simple solid solutions 
[5-7]

. Compared with 

conventional alloys, HEAs have lots of outstanding 

properties such as high hardness, good high temperature 

strength, potential to be thermoelectric materials, great 

resistance to friction, oxidation, corrosion, evaluation 

wear and fatigue 
[3, 8-19]

. Recently, equiatomic ternary and 

quaternary high-entropy alloys have also attracted the 

attention of researchers with the development of the 

research on high-entropy alloys 
[21-22]

 for being model 

alloys because of the less elements.  

Rapid solidification is one of the most active fields 

in metal materials research and have attracted great 

interest in recent years 
[22-24]

. Compared with 

conventional solidification, rapid solidification is a 

typical non-equilibrium process, and its main 

characteristics are as follows: with the increasing of the 

solidification rates, the distribution of solutes will 

deviate from equilibrium and the microstructure of the 

alloy will be greatly refined. Under the condition of rapid 

solidification, the precipitation of the equilibrium phase 

is inhibited and the metastable phase is precipitated. In 

the rapid solidification processes, the cooling rate can 

reach 10
5
 K/s 

[25]
, such a high cooling rate can lead to 

considerable undercooling. Undercooling technique 
[26-27]

 

enables a bulk alloy rapidly solidification. In 1951, 

Turnbull achieved an undercooling of 80 K in mercury 
[28]

. There are several ways to achieve undercooling, 

including glass fluxing method 
[29]

, electromagnetic 

levitation 
[30]

 and drop tube technique 
[31-32]

. Li et al. 

research on CoCrFeNi high entropy alloy has been 

solidified with a high undercooling up to 300 K adopting 

glass fluxing method. It is known that CoCrFeNi HEA 

possesses a single-phase FCC structure. Different from 

the as-cast sample with solely FCC structure, the 

sample solidified with a large undercooling of 300 K 

shows a mixture of FCC and BCC phase 
[33]

. The 

undercooling method is an effective way to obtain 

metastable phase and refine grain structure in the 

solidification treatment 
[34-35]

. The purpose of this paper 

is to invest the evolution of the microstructure and 

mechanical properties of CoCrNi ternary medium 

entropy alloy (MEA) after glass fluxing treatment. 

2 Experimental 

The alloy was prepared by the arc-melting method 

in a vacuum-titanium-gettered high purity argon (99.999 
Copyright © 2022 by author(s) and Viser Technology Pte. Ltd. This is an Open Access article distributed under the terms of the Creative Commons 
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volume percent, vol %) which using high purity (99.95 

wt %) raw elements of cobalt, chromium, and nickel and 

cooled by the water in a copper crucible. To ensure the 

homogeneity of the sample, these materials were flipped 

and remelted at least five times. The glass fluxing 

method was used in the undercooling experiment. The 

high-entropy alloy was melted in the high-frequency 

furnace under an argon gas together with B2O3 glass. It is 

generally believed that the purification process of molten 

glass plays a role in two aspects, on the one hand, the 

molten glass covers the surface of the metal melt to 

isolate air and liquid metal, and inhibits the nucleation 

caused by oxides. On the other hand, the melt is 

separated from metal oxides and impurities by the 

viscous adsorption and chemical reaction of the molten 

glass to achieve physical or chemical purification. It has 

been proved that the molten B2O3 glass does not react 

with the sample. Before the experiment, the B2O3 was 

dehydrated in the muffle furnace at 873 K for 2 h. The 

alloy and the B2O3 glass were put in the quartz tube and 

adjust the relative position between the alloy and the 

induction coil so that the sample is in the middle of the 

coil. When heated, the B2O3 glass will melt and wrap the 

metal sample in it. In this way, it can effectively prevent 

the metal from oxidizing during the melting process and 

contact with the wall. In addition, deep undercooling can 

achieve the ideal degree of undercooling, so as to realize 

rapid solidification of metal at relatively slow cooling 

rate. In our study, natural cooling can be used for rapid 

solidification process without fast cooling rate 
[36-37]

. 

Crystal structure was identified by X-ray diffraction 

(XRD), which is a D/MAX-2500/PC X-ray 

diffractometer instrument equipped with Cu-Kα radiation 

(λ= 1.54056 Å), and scanning was performed over the 

range of two theta (2θ) from 20° to 100° with a speed of 

4°/min. Microstructure was characterized by optical 

microscope (Axiovert 200MAT), scanning electron 

microscopy (SEM, Hitachi S-4800 microscope). The 

device is equipped with energy-dispersing X-rays 

Diffraction spectra (EDS). The components of 

precipitated phase in CoCrNi alloy were analyzed by 

EDS patterns. Before SEM observation, proceed first 

cutting, mosaic, mechanical grinding, polishing, cleaning, 

blow drying, corrosion, cleaning, blow drying and other 

steps to prepare the sample. 

Transmission electron microscopy (TEM) were 

conducted on a Talos F200X instrument facility 

operating at 200 kV. The microstructure of the samples 

was also characterized by TEM. The TEM image of the 

sample and the corresponding selected area electron 

diffraction (SAED) of the image are obtained. TEM 

slices were mechanically grounded to 50 μm, and then 

twin-jet polished in a solution of 10 vol % perchloric 

acid and 90 vol % carbinol at 20 V. 

A universal compression machine (INSTRON-5982) 

was employed at room temperature with an engineering 

strain of 5×10
-4

 s
-1

. The cylindrical samples for 

compression have a size of Ф 3×6 mm. More than 3 

times measurements were repeated for each alloy to 

obtain the accurate data. The Vickers hardness was 

determined on HVS-1000 under a load of 500 g for 10 s. 

The mean value from ten measurements was taken for 

each sample. 

3 Results and discussion 

3.1 Microstructure Characterization 

Figure 1 presents the XRD patterns of CoCrNi 

MEA solidified at as-cast and undercooled conditions. 

The as-cast CoCrNi MEA alloy has a typical 

single-phase FCC structure, and after the undercooling 

treatment, new phases are precipitated, but the FCC 

phase is still the main phase of the sample. The 

diffraction peak of the precipitated new phase coincides 

with the CoCr hexagonal-close-packed phase (HCP) 

diffraction peak. The XRD results show that the 

undercooling treatment can lead to the change of the 

internal structure of the ternary high-entropy alloy 
[38]

. 

 

Figure 1  XRD patterns of CoCrNi MEA at as-cast and 

undercooled conditions 

Identifying the microstructure changes of the 

CoCrNi MEA during the undercooling process by SEM 

and TEM is crucial for elucidating the machinal 

propertied promotion after the undercooling treatment. 

Figure 2(a) shows SEM images of the as-cast CoCrNi 

MEA. The solidified structure of CoCrNi MEA after 

undercooling treatment were shown in Figure 2(b). The 

as-cast CoCrNi alloy has a single-phase FCC structure 

with a large grain size of approximately 500 μm. After 

the undercooling treatment, the grain size of the sample 

significantly refined 
[35, 38-39]

. A dendrite structure of the 

precipitated phase can be found in CoCrNi alloy. The 

precipitated phase is a Co-, Cr-rich phase which was 

identified by EDS patterns shown in Figure 2(c).  

 

Figure 2  (a) SEM images of the as-cast CoCrNi 

MEA(b) SEM images of CoCrNi MEA after 

undercooling treatment, (c) EDS of precipitation phase in 

the CoCrNi MEA 
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In order to further reveal the effect of undercooling 

on the medium entropy alloys, TEM analyze were 

carried out. Figure 3 is the TEM images of CoCrNi MEA, 

Figure 3(a) is the microstructure of the matrix. We can 

see that there is nanophase precipitation on the FCC 

matrix. The darker areas are precipitated phases, and the 

size of the precipitated phase is about 20 nm. The spots 

with higher brightness shown in Figure 3(b) are SAED 

patterns of FCC matrix phase. Due to the thickness of the 

sample or the high energy of the incident electron, 

secondary diffraction is caused, resulting in the 

formation of secondary diffraction spots. Figure 3(c) is 

the microstructure of the interdendrite phase, and Figure 

3(d) is the diffraction spots. Combined with the 

diffraction spots, we can see that the interdendrite phase 

is hexagonal phase. The stacking fault energy of CoCrNi 

is relatively low. Due to rapid solidification after deep 

undercooling, the HCP phase was precipitated by 

martensitic transformation at FCC. This is like the 

quenching of martensite in steel 
[40-41]

. 

 

Figure 3  (a) TEM images of CoCrNi matrix, (b) SAED 

patterns of matrix, (c) TEM images of CoCrNi 

precipitation phase, (d) SAED patterns of precipitation 

phase 

In the undercooling melt, there is a great driving 

force for crystal growth 
[31-35]

. If nucleation occurs, the 

crystal will start to grow at a very fast rate, and then a 

large amount of crystal will be quickly released during 

the rapid growth of the crystal. The latent heat of 

crystallization leads to the re-glow phenomenon, which 

causes the temperature to rise rapidly until it is near the 

liquidus line, therefore the newly formed dendrites are 

under severe overheating, which leads to the occurrence 

of remelting 
[34-35]

. The remelting of dendrites will lead to 

the apparent refinement of grains. 

3.2 Mechanical Properties 

The mechanical properties of the CoCrNi MEA 

were investigated and shown in Figure 4. From the 

strain-stress curves (Figure 4a) and hardness of CoCrNi 

MEA (Figure4 b), we can see that the plasticity and 

Vickers hardness of the ternary alloys after undercooling 

have been significantly improved. It shows that the room 

temperature compressibility of CoCrNi alloy has been 

greatly improved, and the yield strength has been 

increased from 180 MPa to 900 MPa. Hardness is a 

measure of the ability of the object to resist deformation, 

and it is a means of characterizing the mechanical 

properties of the material. The Vickers hardness of the 

CoCrNi alloy has been increased from 183 HV to 328 

HV. The reason of the room temperature compression 

performance and Vickers hardness improved after 

undercooling treatment is that the grain size of the 

sample is significantly refined and the precipitation of 

the hard and brittle phase 
[35, 38]

. The phase interface of 

FCC and HCP will hinder the dislocation movement, and 

dislocation plug will be formed at the phase boundary. 

Due to the toughness of FCC, the stress concentration 

caused by dislocation plugging can be relieved by the 

deformation of FCC in the deformation process to a 

certain extent, and the stress of micro-crack formation 

can be increased, thus improving the tensile strength and 

hardness 
[42-43]

. The precipitation of the nano-precipitated 

phase in the matrix plays a key role in precipitation 

strengthening, resulting in a significant increase in the 

strength of the alloy and compressibility at room 

temperature 
[44-46]

. 

 

Figure 4  Mechanical properties curves of CoCrNi 

MEA. (a) The compression curves of CoCrNi MEAs at 

as-cast and undercooled conditions, (b) Vickers hardness 
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of CoCrNi MEAs at as-cast and undercooled conditions 

4 Conclusions 

In summary, the as-cast ternary CoCrNi medium 

entropy alloy is a single FCC structure, which has 

evolved into the dendrite structure with hexagonal 

precipitates in the matrix after undercooling treatment, 

and the grain size is obviously refined. The Vickers 

hardness of CoCrNi alloy increased from 183 to 328 HV, 

and the yield strength increased from 180 to 900 MPa. The 

grain refinement together with nanometer phase 

precipitation is the main reason for the increase of 

mechanical strength of those ternary medium entropy alloy. 
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Abstract: 

This work aims to explore WC-G201 high entropy cemented carbides properties fabricated by spark plasma sintering with 

AlCoCrFeNiTi0.2 and WC as binder phase and hard phase respectively. AlCoCrFeNiTi0.2 powder and WC powder were mixed at the 

mass ratio of 5: 95, 10: 90 and 15: 85 respectively, and then via SPS at 1300℃ for 5min. The results show that the binder phase has 

good wettability to WC, and with the increase of binder phase content, the hardness of the alloy decreases gradually, fracture 

toughness increases first and then decreases, the maximum value is 7.88 MPa m1/2. It is estimated that the comprehensive mechanical 

property of cemented carbides is the best when the binder content is between 5wt% and 10wt%. 

Keywords: High entropy alloys; cemented carbides; binder phase 

 

1 Introduction 

Cemented carbides is an alloy material synthesized 

by powder metallurgy technology with hard refractory 

carbides powder and Co, Ni or other adhesive powders 

as the binder phase 
[1]

. Owing to its excellent hardness, 

wear resistance, corrosion resistance and oxidation 

resistance, it is widely used in tools, molds and other 

fields 
[2]

. At present, WC is mostly used as the hard phase 

and Co as the adhesive phase, but this cemented carbide 

has some shortcomings such as poor oxidation resistance 

at high temperature, Co is unhealthy due to toxic, and it 

is very scarce in our country, there are some 

disadvantages such as the difficulty of extracting and the 

high price of Co
 [3]

. Therefore, it is particularly important 

to find a new binder phase that can replace Co binder. 

High entropy alloy is a kind of solid solution 

structure composed of multiple components. High 

entropy alloy has become a research hotspot, due to the 

crystal structure of high entropy alloy brings some 

excellent performances, such as high strength, high wear 

resistance and thermal stability 
[4-8]

, generally the 

softening resistance temperature of traditional tool steel 

is less than 550℃ 
[9]

. Some scholars 
[10]

 found that the 

hardness of FeCoNiCuAl high-entropy alloy can still 

keep 532HV above after annealing at 1000℃ for 5h, 

showing excellent high temperature hardness. The good 

wettability of the binder phase to the hard phase is the 

premise that the alloy can be applied to the binder phase 

of the cemented carbides. It has been found that the high 

entropy alloy has good wettability and can inhibit the 

ceramic grain growth. If the equilibrium contact angle is 

between 0 and 30°, it is considered to have good 

wettability. Luo et al.
[11]

 studied the wettability of 

AlxCoCrCuFeNi (x=0, 0.5, 1, 1.5) on WC, and measured 

the size of the equilibrium contact angle as 0.5°, 0.9°, 2.0° 

and 4.6° respectively, which research has enabled 

scholars to discover the potential of high entropy alloys 

as cemented carbide. Zhou Panlong et al. 
[12]

 used 

AlxCrFeCoNi high entropy alloy as the binder phase to 

produce high entropy cemented carbides with tungsten 

carbide as matrix. The mechanical property test found 

that cemented carbides had higher hardness than 

traditional WC-10Co cemented carbides, and also had 

good fracture toughness. In summary, it can be seen that 

it is feasible to select the high entropy alloy as the binder 

phase. High entropy alloys with the right elements as 

binder phases can improve the mechanical properties of 

cemented carbides. Studies have found that Al, Co, Fe, 

Ni and their intermetallic compounds have good 

wettability to WC. Zhou Yunjun et al.
 [13]

 studied the 

effect of Ti content on AlCoCrFeNiTix (x=0, 0.5, 1, 1.5), 

after the Ti was added, the lattice distortion of the alloy 

was aggravated, it caused solution strengthening and 

nanophase diffusion strengthening, thereby improving 

the strength and hardness of the alloy. The yield strength 
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of the alloy system is higher than 1.5 GPa, the breaking 

strength is higher than 2.5 GPa, and the plastic 

deformation is as high as 23.22%. Later Zhang Yong 

research group found that when x = 0.2 in AlCoCrFeNiTix, 

the strength and plasticity of the alloy have been improved, 

it shows excellent mechanical properties. Therefore, 

AlCoCrFeNiTi0.2 was selected as the binder phase. 

The three most commonly used methods for 

preparing high entropy cemented carbide are vacuum 

sintering, vacuum hot pressing sintering and spark 

plasma sintering (SPS). Yang Mei et al. used SPS to 

prepare high entropy cemented carbides, which 

overcame the problem of mechanical properties 

deteriorated due to the excessively growth of WC 

grains 
[14]

. Dai Pinqiang et al. sintered WC-FeCoCrNiAl 

high entropy cemented carbides by using these three 

methods respectively, and found that the hardness of 

cemented carbides by SPS was the highest, reaching 

1900 HV 
[15]

. SPS has the characteristics of short 

sintering time to inhibition of grain growth, so that it 

can reduce the formation of other harmful phases, 

resulting in excellent mechanical properties of the high 

entropy cemented carbides. 

In this study, The AlCoCrFeNiTi0.2 (noted as 

GS201) 
[16]

 was used as the binder phase and WC was 

used as the hard phase to fabricate high entropy 

cemented carbides by SPS. The influence of the binder 

phase content of GS201 on the microstructure and 

mechanical properties of high entropy cemented carbides 

was studied. 

2 Materials and methods 

GS201 high-entropy alloy powder prepared by 

WLL-100 vacuum atomization equipment was used in 

the experiment. Figure1 shows the morphology of 

GS201 powder. Tungsten carbide-powder was purchased 

from Hebei Jiuyue New Material Technology Co., Ltd. 

High entropy alloy powder and tungsten carbides 

powder were mixed for 6h with 200rpm in the SFM-2 

vertical planetary mixer at the ratio of 5: 95, 10: 90 and 

15: 85 respectively. After the mixed progress, the powder 

was dried at 80℃ in a vacuum drying oven for 24h. 

Then 40g of dried powder was sintered in 

SPS-20T-10-III spark furnace. The sintering process is as 

follows: when the vacuum degree is maintained below 

10
-3

Pa, the temperature is raised to 650℃ at 100℃/min, 

the heat is kept for 5min, and then the pressure is 

increased to 30MPa. Then the temperature is raised to 

1200℃ at 100℃/min, and the temperature is increased 

to 1300℃ at 50℃/min, and the sintering is performed 

for 5min. Figure2 is the prepared high entropy cemented 

carbides, from left to right it is WC-5wt%GS201, 

WC-10wt%GS201 and WC-15wt%GS201. 

The melting point of high entropy alloys was tested 

using equipment of the German company Netzsch model 

DSC404F1. The contact angle measurement instrument 

of OCA25-HTV1800 of Data physics was used to 

measure the contact angle between GS201 and WC at 

high temperature. The phase analysis was carried out by 

Rigaku Smart Lab diffractometer. The surface and cross 

section morphologies of high entropy cemented carbides 

samples were observed by using ZEISS SUPRA55 field 

emission scanning electron microscope and Olympus 3D 

laser measuring microscope model LEXT OLS4100. 

430SVD Walport (Shanghai) digital hardness tester was 

used for hardness test. The fracture toughness of cemented 

carbides was calculated by indentation method according 

to Vickers indentation. According to GB/T2997-2000, the 

Archimedes principle is used to measure the actual density 

of the sample, and then the relative density of the high 

entropy cemented carbides is calculated. 

 

Figure 1  Morphology of GS201 powder 

 

Figure 2  High entropy cemented carbides blocks 

3 Results 

3.1 Analysis of the wetting ability of GS201 to WC 

Figure 3 shows the DTA curve of GS201. It can be 

seen from the figure that the melting point of GS201 is 

1312.79℃, there are two endothermic peaks at 650℃ 

and 1000℃, which should be due to phase transition. 

GS201 completely melted at 1368℃, therefore, when 

studying the wettability of GS201 to WC, the sintering 

temperature should be increased to more than 1358℃. It 

provides a reference for the temperature setting of our 

wetting experiment. 

Figure 4 shows the contact angle between GS201 

and WC at high temperature. Before the temperature 

rises to 1368℃, the high entropy alloy block does not 

melt, and the contact angle between the high entropy 
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alloy and tungsten carbides remains 90° as shown by (a) 

in Figure 5 When the temperature rises to 1368℃, both 

sides of the block gradually bend outward with a curved 

profile. The contact angle increases and reaches a 

maximum of 130° at 1376℃. With the temperature rise 

continuously, the alloy block began to melt and spread, 

and the spreading speed accelerated at 1378℃. When the 

temperature rose to 1380℃ within 1 min, the contact 

angle rapidly decreased to 33°. Subsequently, the melting 

rate of the high entropy alloy block slows down, and the 

change rate of the wetting Angle decreases 

correspondingly. After 7 min, the temperature rises to 

1400℃, and the contact Angle decreases to 16.5°, as 

shown in Figure5 (c). After the temperature rises to 1408℃ 

within 9 min, the contact angle decreases to 3.8°. As the 

temperature further rises to 1420℃, the contact angle is 

basically unchanged, decreasing from 3.8° to 3.4°. When 

the temperature is kept at 1420℃ for 20 min, the contact 

angle is almost unchanged, as shown in Figure4, which is 

between 3.3 ° and 3.4°, as shown in Figure5 (d). The results 

analysis shows that GS201 has excellent wettability to WC 

and meets the requirements of cemented carbides with 

binder phase. 

 

Figure 3  The DTA data graph of GS201 

 

Figure 4  Changes of antennae of GS201 on WC with 

temperature and time 

 

 

Figure 5  Profile of WC wetting process of GS201 

3.2 Phase analysis and microstructure morphology 

analysis of WC-AlCoCrFeNiTi0.2 high entropy 

cemented carbides 

Figure6 shows the XRD pattern of high entropy 

cemented carbides with different contents of GS201 at 

the sintering temperature of 1300℃. There are only 

diffraction peaks of WC and GS201 in 

WC-5wt%GS201. With the increase of GS201 content, 

diffraction peaks of unknown phases (denoted as γ 

phase) appear at about 41°. γ phase is the most obvious 

in WC-15wt%GS201. It could be that when the content 

of GS201 is higher than a certain value, WC will react 

with some elements of GS201 to form intermetallic 

compounds. Under this specific value, GS201 can exist 

stable after SPS sintering. 

 

Figure 6  XRD pattern of WC-GS201 after sintering at 

1300℃ 

Figure 7 shows the microstructure of 

WC-5wt%GS201, WC-10wt%GS201 and 

WC-15wt%GS201 high entropy cemented carbides 

sintered at 1300℃ . In the figure, gray is tungsten 

carbides grains, with smooth grain profiles and wide 

grain size distribution range. The black material is 

GS201 binder phase. In WC-5wt%GS201, GS201 binder 

phase is not fully filled in the grain gap of WC, and 

there are still pores. With the increase of the binder 

phase content, the WC grain gap was gradually fully 

filled. When the binder phase content increased to 15%, 

a new dark gray substance was found in the WC grain 

gap, which should be the new phase generated by the 
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reaction of WC and GS201, which was consistent with 

the results of the unknown phase at about 41° in the 

XRD analysis above. 

 

 

 

Figure 7  Microstructure of WC-GS201 high entropy 

cemented carbides 

(a), (b) and (c) are cemented carbides with binder 

phase content of 5wt%, 10wt% and 15wt% sintered at 

1300℃, respectively. 

3.3 Grain size analysis of WC-GS201 high entropy 

cemented carbides 

The growth of WC grains follows Ostwald theory 
[17]

, which progress can be divided into three stages: (1) 

dissolution of WC grains at high temperature, (2) 

precipitation of dissolved WC grains with the decrease of 

temperature, and (3) WC grains grow up. The process of 

WC grain growth combines with the continuous 

dissolution and precipitation of W and C elements. 

According to the BSE image of WC-GS201 high entropy 

cemented carbides, the average grain size of tungsten 

carbides is calculated with Image software, and the 

calculation results are shown in Figure8 WC-5wt% 

GS201 has the largest grain size of 0.61μm. The grain 

size of WC-15wt% GS201 is the smallest, which is 

0.33μm, indicating that the binder phase of GS201 

inhibits the growth of WC grains, but this inhibition is 

not linearly related to the binder phase content. With the 

increase of binder phase content, the inhibition effect on 

grain growth is gradually enhanced, and the grain size of 

WC decreases gradually. 

 

 

 

Figure 8  Grain size distribution of WC-GS201 high 

entropy cemented carbides  

(a), (b) and (c) are cemented carbides with binder 

phase content of 5wt%, 10wt% and 15wt% sintered at 

1300℃ 

3.4 Analysis of relative density and mechanical 

properties of WC-GS201 high entropy cemented 

carbides 

Figure 9 shows the density and relative density of 

WC-GS201 at the sintering temperature of 1300℃. 

With the increase of GS201 binder phase content, the 

relative density of high entropy cemented carbides 

gradually increases. Through the microstructure 

analysis, 5wt% GS201 binder phase did not completely 
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fill the gap between WC grains, resulting in direct 

contact or gaps between WC grains, so the relative 

density is relatively low. Under the effect of high 

temperature and pressure, the liquid binder with 

sufficient content flows quickly to the grain space and 

then solidifies, and the internal defects (such as voids) 

of the material are reduced and the relative density is 

increased. When the content of adhesive phase is 10wt% 

and 15wt %, the relative density is both greater than 

99%, indicating that the gap of WC grains at this time 

has been fully filled, which is consistent with the 

microscopic morphology observed under scanning 

electron microscopy. GS201 and WC grains have good 

wettability, meeting the requirements for adhesive 

phase. The relative density value reflects the internal 

defects of the material. The higher the relative density 

of the alloy, resulting from the fewer defects such as 

pores inside the alloy, facilitate the mechanical 

properties of the alloy promotion. 

 

Figure 9  Relationship between the relative density of 

WC-GS201 after sintering at 1300℃ and the content of 

bond phase 

Figure 10 shows the relationship between the 

hardness and fracture toughness of WC-GS201 high 

entropy cemented carbides sintered at 1300℃ and the 

content of bond phase. With the increase of binder 

content, Vickers hardness decreases gradually. When the 

binder content increases from 5wt% to 10wt%, the 

hardness of alloy decreases from 1568 HV30 to 1368 

HV30. According to the above grain size analysis, the 

grain size decreases and the hardness of the alloy 

increases with the increase of the cohesive phase content. 

The high hardness of hard phase is also the reason for the 

high hardness of high entropy cemented carbides. The 

results show that with the decrease of hard phase content, 

the overall hardness of the alloy decreases accordingly. 

In summary, it can be seen that the effect of the decrease 

of hard phase content on the decrease of alloy hardness is 

greater than the effect of fine crystal strengthening on the 

increase of hardness, so the overall hardness of the alloy 

shows a decreasing trend. The fracture toughness of the 

alloy increases first and then decreases, and the 

maximum value is 7.88MPa m
1/2

. 

Figure 11 shows the SEM image of the indentation 

crack of WC-GS201. The red arrow marks the crack 

deflection, the yellow circle marks the crack bridging, 

the blue arrow marks the grain pulling out, and the white 

arrow marks the transcrystal fracture, all of which will 

enhance the fracture toughness of the alloy 
[18][19]

. The 

reason is that the fracture toughness is related to the 

resistance encountered during crack propagation. The 

greater the resistance it is, the higher the fracture 

toughness will be. When the binder phase content is 

5wt%, the crack is relatively gentle; when the binder 

phase content is increased to 10wt%, the relative density 

of the alloy increases, and the transgranular fracture and 

crack deflection increase, which consumes a lot of 

energy during fracture and improves the fracture 

toughness of the alloy 
[20]

. When the binder phase content 

increased to 15wt%, the relative density slightly 

increased, but the fracture toughness decreased. 

Combined with the XRD analysis above, the unknown 

corresponding brittle phase was generated, thus reducing 

the fracture toughness of the alloy. The alloy has the best 

comprehensive mechanical property when the binder 

phase content is between 5wt% and 10wt%. Combined 

with XRD and relative density analysis, with the increase 

of binder phase content, when the relative density 

reaches 99%, it can be regarded as the binder phase has 

been fully filled in the WC grain gap, and no other 

intermetallic compounds are formed at this time, namely 

no new phase appears in XRD. At this time the 

comprehensive mechanical properties of the alloy should 

be the best. 

 

Figure 10  Relationship between hardness and fracture 

toughness of WC-GS201 sintered at 1300℃ and bond 

phase content 
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Figure 11  SEM image of the indentation crack of 

WC-GS201 

4 Conclusions 

(1) GS201 has excellent wettability to WC. The high 

temperature contact angle between GS201 and WC is 

between 3.3° and 3.4° at 1420℃ respectively, meeting the 

requirements of cemented carbides for adhesive phase. 

(2) With the increase of the binder content, the 

Vickers hardness of the alloy decreases gradually, and 

the influence of the hardness of the cemented carbides is 

greater than that of the fine hardening. The fracture 

toughness increases first and then decreases, and the 

maximum value is 7.88MPa m
1/2

. The optimal 

comprehensive mechanical property should be a value of 

binder phase content between 5wt% and 10wt%. 
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Abstract: 

AZ91D magnesium alloy rolled under four rolling conditions, namely cold rolling, electric pulse cold rolling, hot rolling and electric 

pulse hot rolling, and the first principles calculation of Mg with or without external electric field carried out. The results show that: 

The application of pulse current in the rolling process of AZ91D magnesium alloy can effectively improve the edge crack of the 

sample, optimize the texture of AZ91D magnesium alloy and reduce its texture strength, promote the generation of tensile twins and 

the transition from small Angle grain boundaries to large Angle grain boundaries, and thus improve the plastic forming ability of 

AZ91D magnesium alloy. Make it more prone to plastic deformation. Compared with ordinary rolling, the microhardness of α-Mg 

matrix decreases by 15%. The tensile strength and elongation increased from 137MPa and 3.4% to 169MPa and 4.7%, respectively. 

The results show that the stiffness of Mg decreases and the Poisson's ratio of Mg increases when the electric field applies. When the 

B/G value is greater than 1.75, the plasticity of Mg is improved. The fault energy at the base surface of Mg does not change much, while 

the fault energy at the prismatic surface of Mg decreases obviously, showing the external electric field mainly affects the prismatic 

surface slip of Mg, which makes the prismatic surface slip easier to start, and thus improves the plastic forming ability of Mg. 

Keywords: Electric pulse rolling; Electroplasticity; AZ91D; First principles calculation 

 

1 Introduction 

Magnesium alloy has become one of the lightweight 

process materials in the new century due to its high 

specific strength and stiffness, low density, good 

electrical and thermal conductivity, and good damping 

and shock absorption 
[1-2]

. Its structural parts have wide 

application prospects in automotive, aerospace, and 

communication fields 
[3-5]

. However, magnesium metal 

belongs to the dense row hexagonal crystal structure, 

only the base plane ＜a＞ can open the slip at room 

temperature 
[6]

, so its room temperature deformation 

ability is poor, it is difficult to carry out mass industrial 

production by cold deformation, which greatly limits 

the application of magnesium alloy in industry, so 

magnesium alloy mostly adopts the method of hot 

forming 
[7]

. However, under hot forming conditions, 

there are problems such as reduced die life, roughness 

of magnesium alloy surface, increased thermal stress of 

magnesium alloy and higher energy consumption 
[8]

. 

In recent years, it has shown the application of 

certain pulsed currents during the deformation of 

metallic materials can effectively improve their plastic 

forming ability, a phenomenon known as the 

electroplastic effect. Indhiarto et al 
[9]

 performed 

unidirectional tensile experiments on AZ31B magnesium 

alloy by applying pulsed currents with different peak 

current densities at the same temperature. The results 

showed the ultimate tensile strength gradually decreases 

with increasing peak current density, independent of 

temperature. This proves that the non-thermal effect of 

pulsed current has a positive effect on the tensile 

properties. Liu et al 
[10]

 conducted tensile tests on AZ31B 

magnesium alloy sheet with different frequencies of 

pulsed current and showed the pulsed current did not 

change the initial yield stress of the magnesium alloy, but 

reduced the work-hardening rate and produced a 

softening effect. In addition, the electroplastic effect was 

controlled by thermal activation. Although the 

electroplastic effect of magnesium alloys has been 

studied by a large number of researchers, the mechanism 

of the action of current on magnesium alloys is still 

unclear. In 1968 Vitek 
[11]

 proposed the concept of 

generalized layer fault energy and applied it to the 

calculation of plastic forming ability of magnesium 

alloys. Yuasa et al 
[12]

 calculated the generalized layer 

fault energy of Mg, Mg-Zn-Ga, Mg-Ga and Mg-Zn. The 

calculation results showed that the addition of Ca and Zn 

reduced the plastic anisotropy of magnesium alloys, 

which was due to the unstable base slip in the alloy due 

to the nonlinear nature of the layer error energy. 
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In this paper, AZ91D magnesium alloy rolled under 

four rolling conditions: ordinary cold rolling (CR), 

electric pulse cold rolling (EPC-CR), ordinary hot rolling 

(HR) and electric pulse hot rolling (EPC-HR). EBSD 

analysis and theoretical calculation performed on AZ91D 

magnesium alloy after electric pulse rolling to investigate 

the effect of electric pulse rolling on the plastic forming 

ability of AZ91D magnesium alloy. 

2 Experimental materials and methods 

2.1 Experimental materials 

Commercial AZ91D magnesium alloy sheet is 

selected as the experimental material, and its main 

components are shown in Table 1. The AZ91D 

magnesium alloy sheet was cut into 60×12×3mm 

experimental sheet by wire-cutting equipment. The 

experimental sheet was held at 400℃ for 3h before use, 

and then completely annealed by air cooling. 

Table 1  Main components of AZ91D magnesium alloy 

Element Al Zn Mn Si Cu Mg 

wt.% 9 0.67 0.25 0.05 0.015 Others 

2.2 Electric pulse rolling process of AZ91D 

magnesium alloy 

AZ91D magnesium alloy rolling experiment adopts 

strong pulse current rolling equipment independently 

developed by the research group, which is mainly 

composed of four-roll rolling equipment and strong pulse 

power supply. Pressure sensors are equipped on the rolls 

to display the pressure between the upper and lower rolls 

in real time. The strong pulse rolling equipment and its 

working principle are shown in Figure 1. The peak 

current and current frequency in the rolling process can 

be displayed by the equipment sensor and oscilloscope. 

 

Figure 1  Schematic diagram of high intensity pulse 

rolling equipment and its working principle: (a) strong pulse 

rolling equipment, (b) strong pulse power control panel, (c) 

schematic diagram of electric pulse rolling principle 

The specific rolling experimental steps are as 

follows: (1) use the wire cutting equipment to cut the 

sample into 60×12×3mm AZ91D magnesium alloy sheet 

(2) the cut sample will polish off its processing layer 

with 400# sandpaper and cleaned with ethanol ultrasonic 

for 5min. (3) the sample to roll will held in 150℃ 

electric furnace for 10min and then quickly removed for 

pre-rolling, the amount of pressure down is 1%. (4) the 

pre-rolled sample will held in 150℃ electric furnace 

insulation for 10min to remove residual stress, a single 

pass large amount of depression (20%) electric pulse 

rolling. The rolling parameters show in Table 2. 

Table 2  Rolling parameters 

Sample 
Voltage 

(V) 

Frequency 

(Hz) 

Pulse 

width(μs) 

Current 

density(A/mm2) 

Roller 

temperature(℃) 

CR 200 600 20 342 25 

EPC-CR 200 600 20 342 27 

HR 200 600 20 342 124 

EPC-HR 200 600 20 342 119 

2.3 Analysis, testing and calculation methods 

The samples of AZ91D magnesium alloy after all 

four rolling processes intercepted from the middle position 

for testing. The samples polished and electrolytically 

polished and then analyzed by EBSD using a thermal field 

emission scanning electron microscope (ZEISS-Sigma 

500), where the electrolytic polishing solution was 10% 

perchloric acid alcohol solution. To further investigate the 

mechanical properties of AZ91D magnesium alloy after 

electric pulse rolling, the microhardness test of AZ91D 

magnesium alloy matrix and Mg17Al12 second phase 

before and after rolling carried out using HXD-1000TM 

microhardness tester. The test conducted with an 

experimental load of 4.9N, a load loading time of 15s, and 

10 points for each AZ91D magnesium alloy sample matrix 

and Mg17Al12 second phase, and the average value of 

their microhardness taken. CMT5305 type 

microcomputer-controlled electronic universal testing 

machine for room temperature tensile performance testing, 

tensile specimen sample size in line with the 

GB/T228-2002 calibration selected rectangular equal scale 

reduction specimens. 

The Mg crystal belongs to the dense hexagonal 

structure, the space point group code is P63/MMC, the 

lattice constants are A = B =0.3209, C =0.5211, α=β=90°, 

γ=120°. The Mg crystal model cut, and the Mg base 

plane thin plate model and prismatic plane thin plate 

model cut respectively, as shown in Figure 2. Each thin 

plate model contains 96 atoms, and the thin plate is 

directly set with a 1.5nm vacuum layer. In this paper, the 

first-principle method based on density functional theory 

(DFT) was used for calculation, and the CASTEP 

module used to optimize and calculate the structure of 

Mg crystal model. The PBE in generalized Gradient 

approximation (GGA) used as the exchange correlation 

functional in calculation. The self-consistent field 

method (SCF) used to solve the Kohn-Sham equation. 

Among them, the convergence value of SCF energy is 

1.0×10-5 eV/atom. The plane wave cutoff energy is set to 

400 eV. The calculated convergence accuracy is 1.0×10-5 

eV/atom. The maximum number of self-consistent 
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iterations is 1000.The maximum convergence accuracy 

of the force on each atom is 0.01 eV/A. The K Point of 

the first Brillouin zone was set as 2×4×1. The internal 

stress convergence standard of the crystal was 0.05 GPa. 

The external electric field intensity was set as 0.1 eV. 

The direction was parallel to the Z-axis. The above 

parameters are used to optimize the geometry of the Mg 

crystal model. The lattice constants after optimization 

show in Table 3, and the error between them and the 

reference value is within 1%, which further proves the 

accuracy of the calculation in this section. 

 

Figure 2  Calculation model: (a) Mg crystal model, (b) 

Mg basal plane model, (c) Mg prismatic surface model) 

Table 3  Lattice parameters of Mg 

 Mg 

 a/nm c/nm 

Cal 0.3209 0.5210 

Ref[13] 0.3209 0.5211 

3 Results and Discussion 

3.1 Morphology of rolled pieces 

Figure 3 shows the sample morphology of AZ91D 

magnesium alloy rolled under different rolling conditions. 

It can see from the surface morphology of AZ91D 

magnesium alloy after rolling that the surface crack and 

edge crack of AZ91D magnesium alloy obviously 

improve under electric pulse rolling. Under the ordinary 

cold rolling condition, large cracks and small edge cracks 

appeared on the surface of the sample from the boundary 

to the middle position. Under the condition of electric 

pulse cold rolling, only a few edge cracks appear on the 

surface of AZ91D magnesium alloy samples, which 

significantly improves compared with that under the 

condition of ordinary cold rolling. Under ordinary hot 

rolling condition, fine boundary cracks appear on the 

surface of AZ91D magnesium alloy samples, and the 

surface morphology is similar to that under electric pulse 

cold rolling condition. Under the condition of electric 

pulse hot rolling, there is no obvious crack on the surface 

of AZ91D magnesium alloy sample, and the edge crack 

obviously improves. The results indicate that electric 

pulse rolling can obviously improve the surface crack of 

AZ91D magnesium alloy. 

 

Figure 3  Morphology of AZ91D magnesium alloy 

samples rolled under different rolling conditions 

3.2 Effect of electric pulse rolling on texture of AZ91D 

magnesium alloy 

Figure 4 shows the EBSD image and pole diagram 

of AZ91D magnesium alloy after rolling with different 

process parameters. Figure 4a and 4b show the EBSD 

images of the samples after ordinary cold rolling and 

electric pulse cold rolling, respectively. It can clearly see 

from the figure the texture strength of the samples after 

electric pulse cold rolling in the direction of 0002 and 

1010 decreases significantly, from 18.11 and 6.51 to 

15.89 and 6.27, respectively. Figure 4c and 4d show the 

EBSD images of the samples after ordinary hot rolling 

and electric pulse hot rolling, respectively. After electric 

pulse applies to the hot rolled samples, the texture 

strengths in both directions of 0002 and 1010 also 

decrease, from 9.4 and 3.2 to 5.03 and 1.63. 

 

Figure 4  EBSD image of AZ91D magnesium alloy 

after rolling with different process parameters: (a) 

ordinary cold rolling, (b) electric pulse cold rolling, (c) 

ordinary hot rolling, d electric pulse hot rolling) 

3.3 Effect of electric pulse rolling on twinning of 

AZ91D magnesium alloy 
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Figure 5 shows EBSD images of labeled twin grain 

boundaries of AZ91D magnesium alloy after rolling with 

different process parameters. The red line represents 

{1012} stretched twin boundary, the blue line represents 

{1011} compressed twin boundary, and the green line 

represents {1012}-{1011} secondary twin boundary. 

Figure 5a and 5b show the samples after ordinary cold 

rolling and electric pulse cold rolling respectively, while 

Figure 5c and 6d show the samples after ordinary hot 

rolling and electric pulse hot rolling respectively. EBSD 

images of labeled twinned grain boundaries of cold-rolled 

and hot-rolled samples show the content of twinned grain 

in hot-rolled samples is significantly lower than that in 

cold-rolled samples. This is because the increase of 

temperature reduces the Critical Resolved Shear Stress 

(CRSS) of magnesium alloy non-basal slip system. More 

slip systems involve in the plastic deformation of 

magnesium alloy. However, in the cold rolling process at 

room temperature, only two basal slip systems share in the 

plastic deformation, which is not enough to completely 

coordinate the grain deformation, so twin deformation will 

occur. Therefore, the content of twins in cold rolled 

samples is significantly higher than that in hot rolled 

samples. EBSD images of labeled twin grain boundaries 

of the samples after ordinary rolling and electric pulse 

rolling show the twin content of the samples with electric 

pulse rolling is slightly lower than that of the samples 

without electric pulse rolling at the same temperature. For 

cold rolled samples, the twin content increases from 8.64% 

to 15.1% after electric pulse rolling. For the hot rolled 

sample, the twinning content of the sample increased from 

1.66% to 3.24% after electric pulse application. The twin 

grain boundaries contents of the samples rolled with 

electric pulse rolling are higher but not lower than those of 

the samples rolled without electric pulse. 

 

Figure 5  EBSD images of labeled twin grain 

boundaries of AZ91D magnesium alloy under different 

rolling parameters:(a) the ordinary cold rolled sample, (b) 

the electric pulse cold rolled sample, (c) the ordinary hot 

rolled sample, (d) the electric pulse hot rolled sample 

3.4 Effect of electric pulse rolling on orientation 

difference distribution of AZ91D magnesium alloy 

Figure 6 shows the distribution of grain boundary 

Angle orientation difference of AZ91D magnesium alloy 

after rolling with different process parameters. Figure 6a 

and 6b show the distribution of grain boundary Angle 

orientation difference after ordinary cold rolling and 

electric pulse cold rolling, respectively. Figure 6c and 6d 

show the distribution of grain boundary Angle 

orientation difference after ordinary hot rolling and 

electric pulse hot rolling, respectively. It can see from the 

figure that all the rolled samples under the four different 

processes have a peak at ～86°, and the peak of ～86° in 

the sample after electric pulse application is significantly 

higher than that in the sample without electric pulse 

application, showing the introduction of pulse current 

promotes the generation of tensile twins in AZ91D 

magnesium alloy, which is consistent with EBSD image 

analysis of twin grain boundaries. The peak of ～40° 

appeared in the hot rolled sample, which obviously 

reduced after the application of electric pulse. In addition, 

the small Angle grain boundary content of ＜  5° 

decreased after the application of electric pulse. For the 

cold rolled sample, the small Angle grain boundary 

content of ＜ 5° decreased from 71% to 63% after the 

application of pulse current. For the hot rolled sample, the 

grain boundary content of small Angle ＜ 5° decreased 

from 79% to 77% after pulse current application. 

 

Figure 6  Distribution of grain boundary angular 

orientation difference of AZ91D magnesium alloy after 

rolling with different process parameters:(a) the ordinary 

cold rolled sample, (b) the electric pulse cold rolled 

sample, (c) the ordinary hot rolled sample, (d) the 

electric pulse hot rolled sample 

3.5 Effect of electric pulse rolling on microhardness of 

AZ91D magnesium alloy 

Figure 7 shows the microhardness of each phase of 

AZ91D magnesium alloy after rolling with different 

process parameters. As can be seen from the figure, the 

microhardness of α-Mg matrix of the cold-rolled sample 

decreases by 15.7% from 61.1HV to 51.5HV after pulse 

- - 
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current application, which is 8.1% lower than that of the 

original unrolled AZ91D magnesium alloy sample of 

56.1HV. The microhardness of α-Mg matrix decreased 

from 60.5HV to 51.5HV by 14.8%, which was 8.1% 

lower than that of original unrolled AZ91D magnesium 

alloy sample (56.1HV). 

 

Figure 7  Microhardness of AZ91D magnesium alloy 

phases after rolling with different process parameters 

3.6 Effect of electric pulse rolling on tensile properties 

of AZ91D magnesium alloy 

Figure 8 shows the average tensile strength and 

average elongation of AZ91D magnesium alloy after 

rolling with different process parameters. As can see 

from the figure, the tensile strength of the rolled AZ91D 

magnesium alloy sample is significantly higher than that 

of the unrolled original AZ91D magnesium alloy sample. 

The elongation of the ordinary cold rolled AZ91D 

magnesium alloy sample is lo``wer than that of the 

unrolled original AZ91D magnesium alloy sample. For 

the cold-rolled samples, the tensile strength and 

elongation increased from 106MPa and 1.5% to 127MPa 

and 3.5%, respectively. For the hot rolled samples, the 

tensile strength and elongation increased from 137MPa 

and 3.4% to 169MPa and 4.7%. 

 

Figure 8  Tensile properties of AZ91D magnesium 

alloy after rolling with different process parameters 

Figure 9 shows SEM images of fracture of AZ91D 

magnesium alloy rolled with different process parameters. 

Figure 8a shows the fracture morphology of unrolled 

original AZ91D magnesium alloy sample. Figure 8b and 

8c show the fracture morphology of AZ91D magnesium 

alloy after ordinary cold rolling and electric pulse cold 

rolling respectively. Figure 8d and 8e show the fracture 

morphology of AZ91D magnesium alloy after ordinary 

hot rolling and electric pulse hot rolling respectively. It 

can see from the figure that, There are a lot of cracks and 

dissociation steps in the fracture of unrolled AZ91D 

magnesium alloy samples, and there is no dimple, so 

AZ91D magnesium alloy mainly presents brittle fracture. 

The fracture morphology of AZ91D magnesium alloy 

after common cold rolling is similar to that of original 

AZ91D magnesium alloy, both of which have many 

cracks and dissociation steps. The fracture of AZ91D 

magnesium alloy after electric pulse cold rolling has a 

dimple also cracks and dissociation steps. Similar to cold 

rolling, there are many cracks and dissociation steps in 

the fracture of AZ91D magnesium alloy after ordinary 

hot rolling, and there are almost no dimples. However, 

there are cracks and dissociation steps in the fracture of 

AZ91D magnesium alloy after electric pulse hot rolling, 

with many dimples, and the fracture types are mainly 

brittle fracture and ductile fracture. 

Figure 10 shows the fixed-point EDS images of the 

fracture of AZ91D magnesium alloy rolled with different 

process parameters. EDS spectra analyzed at the crack 

and dissociation step at point 1 and point 2, respectively, 

and at the dimple at point 3. According to the results of 

energy spectrum analysis, the crack and dissociation step 

are the mixed phase of β-Mg17Al12 phase and α-Mg 

phase, while the dimple is α-Mg matrix phase. It can see 

the α-Mg matrix changes from the brittle phase to the 

ductile phase after pulse current application, which 

improves the elongation of AZ91D magnesium alloy. 

 

Figure 9  SEM images of fracture of AZ91D 

magnesium alloy rolled with different process parameters: 

(a) the original unrolled sample, (b) the ordinary cold 

rolled sample, (c) the electric pulse cold rolled sample,(d) 

the ordinary hot rolled sample, (e) the electric pulse hot 
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rolled sample 

 

Figure 10  Image of EDS energy spectrum analysis 

3.7 First principles computational analysis 

3.7.1 Mechanical properties 

The effect of electric field on mechanical properties 

of Mg studied by first principles calculation method. The 

elastic constant Cij of Mg before and after electric field 

application calculated, and the anisotropy characteristics 

of Mg under applied electric field further studied. The 

bulk modulus B, shear modulus G, Young's modulus E 

and Poisson's ratio V were mainly calculated. The 

calculation results show in Table 4. The bulk modulus B 

refers to the ability of a material to resist compression 

deformation under applied external stress. For solid 

materials, within their elastic limits, the larger the 

volume modulus B is, the stronger the compression 

deformation resistance is. As can see from Table 4, after 

the electric field applies, the volume modulus B of Mg 

increases, and it becomes difficult to compress. Shear 

modulus G refers to the ability of a material to resist 

shear strain under shear stress. When the value of shear 

modulus G of a material increases, its stiffness increases. 

It can see from Table 4 that after the application of 

electric field, Mg's shear modulus G decreases, and its 

stiffness becomes weaker. Young's modulus E is within 

the elastic limit, the material is the ratio of stress and the 

stress caused by the strain, with the same shear modulus, 

the higher the value of young's modulus E, the stronger 

the stiffness of the material. From the table 4 shows that 

after applying an electric field, the value of young's 

modulus E of Mg decreased, its stiffness weak, are 

consistent with the shear modulus. Poisson's ratio v 

refers to when the material to be pull (pressure) stress, 

transverse and axial strain ratio, the greater the material 

poisson's ratio value, its plasticity, the better 
[14]

. From 

table 4 shows that after applying an electric field, 

poisson's ratio of Mg values increase, its plasticity is also 

improved, with the former analysis of the tensile fracture 

surface consistent. The elastic modulus ratio B/G can be 

used to evaluate the brittleness and plasticity of the 

material. When the value of B/G is greater than 1.75, the 

material exhibits ductility, and the larger the value, the 

better the plasticity of the material, and otherwise, the 

material exhibits brittleness. As can see from Table 4, the 

B/G value of Mg increased significantly by 1.75 after the 

electric field applied. Its plasticity improve. Hardness H 

is an important index for evaluating material properties, 

which refers to the ability of the material to resist hard 

objects pressing into the surface locally. It can see from 

Table 4 the hardness of Mg decreases significantly after 

the electric field applies, which is consistent with the 

experimental results above and further proves the 

accuracy of the calculation. 

Table 4  Calculation results of mechanical properties of 

Mg before and after electric field application 

 B/GPa G/GPa E/GPa v A B/G H/GPa 

Mg 36.38 16.41 42.78 0.3 0.3 2.21 2.14 

EP-Mg 52.60 14.47 39.77 0.37 0.45 3.64 1.21 

3.7.2 Generalized layered fault energy 

The generalized layered fault energy refers to the 

energy difference between the crystal cells per unit area 

on a certain slip surface before and after the formation of 

layered fault. The formula for calculating the generalized 

layered fault energy γ is: 

γ =
𝐸−𝐸0

𝐴
                                (3-1) 

Where, E0 is the total energy of the intact crystal, E 

is the total energy of the crystal after lamination, and A is 

the lamination area. 

The total energy of the complete crystal structure of 

Mg system obtained by structural relaxation of the thin 

plate model of Mg base plane and prismatic plane. The 

total energy of the layered fault structure calculated by 

structural relaxation of 0.1b for each slip plane 

movement. The calculated data were put into Equation 

3-1 to obtain the generalized layered fault energy. It 

generally believes the size of the unstable fault energy 

γus indicates the difficulty of the slip system along the 

slip plane. The larger the value of γus, the more 

difficult the slip is to start, and the worse the plastic 

forming ability of the material is. The generalized 

layered fault energy of Mg's base plane and its 

prismatic plane before and after applying electric field 

calculates by the above method, and the calculation 

results are shown in figure 11. 

 

Figure 11  Generalized layered fault energy curves of 
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Mg base plane and prism plane before and after electric 

field application 

As can see from figure 10, when no electric field 

applies, the generalized layered fault energy of Mg prism 

surface is significantly larger than that of its base surface. 

The unstable layered fault energy of Mg prism surface is 

γus=196mJ/m
2
. The unstable layered fault energy of Mg 

base surface is γus=80mJ/m
2
, showing that under 

ordinary conditions, Mg prism slip system is more 

difficult to start than the base slip system. This is also 

confirmed by the deformation theory of Mg. After the 

electric field is applied, the generalized layered fault 

energy of Mg base surface does not change much, and its 

unstable layered fault energy γus remains about 80mJ/m
2
. 

However, after the electric field applies, the generalized 

layered fault energy of Mg prism surface decreases 

significantly, and its unstable layered fault energy γus 

decreases from 196mJ/m
2
 to 67mJ/m

2
. The results show 

the Mg prismatic slip system is easier to start after the 

electric field is applied, and thus the plastic forming 

ability of Mg is improved. 

Poty et al. 
[15]

 studied the dislocation mobility of Zr 

and Ti with dense hexagonal structure by measuring the 

ratio of γuS (basal) layer fault energy to Prism (Prism) 

layer fault energy. It is reasonable to use the ratio of 

basal and Prism unstable layer fault energy γus as the 

criterion of Mg anisotropy. For table 5 Mg base level 

before and after applying an electric field and layer on 

the surface of the prism is not stable can gamma us 

wrong and its ratio. From the data in table 5 shows that 

after applying an electric field model of Mg base 

unstable layer can wrong with prismatic surface 

instability fault energy ratio closer to 1. The above 

experimental results show the introduction of the electric 

field can reduce the strength of the base surface texture, 

therefore. The introduction of electric field improves the 

anisotropy of Mg, which leads to the reduction of basal 

texture, and then makes Mg have higher formability. 

Table 5  Unstable layered fault energies γus and their 

ratios at Mg base and prismatic surfaces before and after 

electric field application 

 γus(basal) γus(prism) γus(basal)/γus(prism) 

Mg 85.12 182.41 0.46 

EP-Mg 86.66 67.36 1.28 

4 Conclusion 

(1) Pulse current applied in the rolling process of 

AZ91D magnesium alloy can effectively improve the 

edge crack of the sample, optimize the texture of AZ91D 

magnesium alloy and reduce its texture strength. In 

addition, pulse current can promote the formation of 

tensile twins and the transition from small Angle grain 

boundaries to large Angle grain boundaries, which 

improves the plastic forming ability of AZ91D 

magnesium alloy. 

(2) When pulse current is applied during AZ91D 

magnesium alloy rolling, the microhardness of α-Mg 

matrix decreases by about 15% compared with ordinary 

rolling. The tensile strength and elongation increased 

from 137MPa and 3.4% to 169MPa and 4.7%, 

respectively. In addition, dimples appear in the AZ91D 

magnesium alloy samples after electric pulse rolling, and 

dimples are concentrated in the α-Mg matrix, showing the 

introduction of pulse current can promote the transition 

from brittle to ductile fracture of AZ91D magnesium alloy. 

(3) After the application of electric field, the 

stiffness of Mg decreases, the Poisson's ratio of Mg 

increases, and the B/G value increases significantly by 

1.75, which improves its plasticity. 

(4) When the electric field is applied, the fault 

energy of Mg's base surface does not change much. But 

the fault energy of Mg's prismatic surface decreases 

obviously, showing the external electric field mainly 

affects Mg's prismatic surface slip, which makes Mg's 

prismatic surface slip easier to start, and thus improves 

the plastic forming ability of Mg. 
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Abstract: 

High saturation magnetization and low coercivity are required for soft magnetic materials. This study investigated the 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy soft magnetic skeleton was prepared by selective laser melting. Then Al was pressure 

infiltrated into skeletons to obtain a dense composite material. The high-entropy composite materials possessed favorable 

compressive ductility and moderate soft magnetic properties. The high-entropy composite materials were obtained with Ms being 

97.1 emu/g, 79.8 emu/g, 33 emu/g and possessing 19 Oe, 15.8Oe and 17Oe of Hc, respectively. However, the magnetostriction 

coefficient remains low level, about 5ppm. These reported properties are attributed to the special structure of the material studied in 

present experiment. Nevertheless, a novel strategy of structural designing was proposed in this paper. 

Keywords: High entropy alloy，Composite material，Selective laser melting，gas pressure infiltration，Soft Magnetic Properties 

 

1 Introduction 

High entropy alloys (HEAs) have attracted much 

attention, due to their excellent mechanical and physical 

properties 
[1-6]

. The appearance of HEAs has widened the 

composition design space, bringing more possibilities for 

development of materials. Researchers have studied 

HEAs not only as structural materials but also as 

functional materials with excellent properties or the 

ability to serve under extreme conditions that 

conventional alloys cannot. With the rapid development 

of society, information and industrial society constantly 

put forward new requirements for excellent soft magnetic 

functional materials. Electrical and electronic equipment 

uses soft magnetic materials, which are easily 

magnetized and demagnetized 
[7-8]

. The preparation 

process for silicon steel is complex and has low 

resistivity. Amorphous and nano soft magnetic alloys 

have annealed brittleness and are limited by size. 

Therefore, it is of great significance to develop a new 

kind of soft magnetic material to break through the 

limitations of previous materials. 

Selective laser melting technology has many 

advantages over traditional smelting processes in terms 

of solidification process, thermodynamic process, 

microstructure, and so forth, resulting in many unique 

properties 
[9-11]

. Therefore, combining it with SLM 

technology can produce traditional alloys and properties, 

such as saturation magnetic induction, coercivity, 

strength and plasticity, that cannot be achieved by 

traditional processes 
[12-14]

. Studies about the magnetic 

properties of AlxCrCuFeNi2 (0 ＜ x ＜ 1.5) HEAs 

fabricated by laser metal deposition (LMD) 
[15]

 were 

founded that the FCC/L12 regions with low Al contents 

were weakly ferromagnetic. However, the Al-rich 

BCC/B2 regions were relatively soft with low coercivity, 

but being ferromagnetic with high saturation 

magnetization. When x = 1.3, the saturation 

magnetization and coercivity reached the maximum 

values, illustrating that the magnetic properties in this 

HEAs system could be adjusted by a paramagnetic 

element. In another investigation 
[16]

, the magnetic 

properties of AlCoxCr1-xFeNi (0＜x＜1) HEAs were 

researched. The results suggested that the saturation 

magnetization monotonically increased 6 times from 

18.48 emu/g of AlCrFeNi (x=0) to 117.8 emu/g of 

AlCoFeNi (x=1), while the change in coercivity was 

non-monotonic, increasing by 7 times from AlCrFeNi (x 

= 0) to AlCo0.4Cr0.6FeNi (x=0.4), and then decreasing 

by 14 times from AlCo0.4Cr0.6FeNi (x=0.4) to AlCoFeNi 

(x=1). The magnetic phase transition temperature for 

these HEAs showed a monotonic increasing trend with 

the increase of the Co content, and between x = 0.6 to x 

= 0.8, a secondary phase transition occurred in the 

composition range.  

In this work, the structure of high-entropy skeleton 
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was designed and prepared by selective laser melting 

(SLM), and high-entropy composite materials were 

prepared by pressure infiltration process, so as to improve 

the mechanical properties of the skeleton structure. 

2 Materials and methods 

2.1 Alloys Preparation 

316L stainless steel (100*100*20mm
3
) was used for 

the substrate in the SLM technology forming process. 

Gas atomization and high-purity Co47.5Fe28.5Ni19Si3.3Al1.7 

HEA powders was used for SLM and its composition has 

been listed in Table 1. The powder particle size range is 

about 15-53 um which microstructure was shown in 

figure 1. Here, three types skeleton structures were 

designed for the following work of gas pressure 

infiltration. The skeleton models firstly were created by 

the SolidWorks software. As shown in the figure 2, the 

total size of the model is a square with 10*10*10mm3 

size, but possessing different square-pore size and they 

are 0.6 mm, 0.7 mm, 0.8 mm, respectively. All skeleton 

samples were prepared by AFS-M120 SLM equipment 

produced by Longyuan AFS Co., Ltd.  

 

Figure 1  Microstructure of Co47.5Fe28.5Ni19Si3.3Al1.7 

powders 

Table 1  Compositions of the Co47.5Fe28.5Ni19Si3.3Al1.7 

HEA powders 

Elements Co Fe Ni Si Al 

Atomic ratio (at. %) 47.5 28.5 19.0 3.3 1.7 

 

Figure 2  Schematic diagram of the porous structure of 

three types of high-entropy seleton with different 

square-pore sizes 

Subsequently, pressure infiltration was carried out 

under high purity Ar atmosphere. Put the pure Al and 

Co47.5Fe28.5Ni19Si3.3Al1.7 HEA skeleton into the pressure 

infiltration equipment, heating up the equipment to 800 

degrees Celsius and keeping warm for 0.5 hours. After 

the Al melted, applied a pressure of 1 MPa to pressed Al 

into the high-entropy skeletons, followed by stopping 

heating and pressurizing when it was completed, then 

cooled down with the furnace. 

2.2 Structural Characterization and Performance 

Experiments 

A Bruker D8 Smart Lab X-ray diffractometer was utilized 

to determine the crystal structure, with Cu-Kα radiation ranging 

from 20° - 90°. The scanning rapid is 10°/min. The 

microstructure characterization and electron backscatter 

diffraction were measured using scanning-electron microscopy 

(SEM) with Zeiss Supera55 operated at 20 keV, along with 

energy-dispersive spectrometry (EDS). Compressive simples 

were a cylinder with φ3 × 6 mm cut by electro-discharge 

machining and compressive tests at strain rate of 5×10-3s-1 and 

5×10-4s-1 for high-entropy skeleton and high-entropy 

composites, using CMT Model 4305 Universal Electronic 

Tester at room temperature respectively. The soft magnetic 

properties of samples with 3mm×2mm×2mm sizes were 

measured by vibrating sample magnetometer (VSM) under a 

magnetic field of ±1T at room temperature. The 

magnetostriction coefficient was obtained by the resistance 

strain gauge method. 

3 Results and discussion 

3.1 Phase formation and microstructure 

We investigated the microstructure, compressive 

properties and soft magnetic properties of Al- 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy composites 

structural material. Figure 3 is the macrostructure of the 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy skeleton prepar 

ed by SLM.  

The XRD pattern of high-entropy skeleton and 

high-entropy composites materials were shown in the 

figure 4(a) and figure 4(b). It is clearly shown that the 

main phase, a single face centered cubic (FCC) crystal of 

the skeleton, was identified. While several small peaks of 

compound phases appeared after pressure infiltration of 

aluminum. The X-ray diffraction analysis indicates that 

the porous material with high entropy only has one FCC 

phase, because the three phases of Fe, Co, and Ni 

dissolve into one solid solution, and trace amounts of Al 

and Si do not affect the overall FCC solid solution 

structure, and a single FCC solid solution performs. 

 

Figure 3  Macrostructure images of high-entropy 

skeletons prepared by SLM. (a) is high-entropy 

skeletons;(b)-(d)are high-entropy composite materials 

x

x
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z

x y
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Figure 4  (a)X-ray diffraction patterns of 

Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs pores prepared by SLM 

with different side lengths and sizes of skeleton 

structures. (b)X-ray diffraction patterns of 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy composites 

prepared by air pressure infiltration process 

SEM images of high-entropy skeletons are 

presented in figure 5(1-a)-5(1-f), which exhibit smooth 

surface morphologies with the square shape of 0.6mm, 

0.7mm and 0.8mm respectively. The cleary molten pool 

on the cross-section presents a classic scaly which are 

observed from figure 5(1-b), (1-d), (1-f). EBSD mapping 

as displaying in the figure 5(2), demonstrates that the 

high-entropy skeleton structure is a polycrystalline 

structure with the grain size between tens and two 

hundred microns. In areas A and B away from the 

boundary of the square-pores, the grains are relatively 

large. Moreover, in the central region A of the 

high-entropy skeleton, the grain size is relatively large, 

around 200 um. And the grain size is about 50 um in the 

suspension region B It can be seen that with the 

increasing of the square-pore size, the grain size tends to 

be uniform gradually. Figure 6 (2). EDS mapping 

illustrated that the five elements of Fe, Co, Ni, Al and Si 

are evenly distributed without element segregation in the 

high-entropy composite materials. The same as the 

results of the above SEM and XRD analysis.  

 

Figure 5  (1):SEM image of Co47.5Fe28.5Ni19Si3.3Al1.7 

high-entropy skeleton with different square-pore 

sizes(a)(b) the side length of the square-pore is 0.6 mm；
(c)(d) the side length of the square-pore is 0.7 mm；(e)(f) 

the side length of the square-pore is 0.8 mm. (2): EBSD 

mapping of high-entropy skeleton 

 

Figure 6  EDS and EBSD mapping of high-entropy 

composite with differen square size. (1-a)-(1-c) show the 

elemnts distrbution of high-entropy composites with 

different square-pores. (2) is the EBSD results of 

high-entropy composites materials 

Owing to the high cooling rate (105 ～ 106 K/s) of 

the SLM process, the SLM 

Co47.5Fe28.5Ni19Si3.3Al1.7 alloy skeleton formed a 

non-equilibrium solidification organization, and this 

inhomogeneous tissue distribution can be attributed to 

the variation of local solidification conditions, which 

includes the temperature gradient (G) and solidification 

rate (R). The G/R value is determined by the 

undercooling of the composition at the solidification 

front of the melt pool, which in turn determines the 

morphology of the solidification structure. At the 

boundary of the molten pool, the heat of the melt can be 

conducted and dissipated through the SLM forming 

substrate. In the case of a single melt pool, the heat of the 

melt pool is first transferred to the solidified portion of 

the melt pool boundary 
[17-18]

. 

The formation of large columnar grains in the 

middle of the melt pool, the heat-affected zone near the 

melt pool boundary is distributed with very fine equiaxed 

grains, and welding fusion zone structure is similar 
[19]

. 

3.2 Mechanical properties 

Compressive strain curves measured at room 

temperature (298K) are plotted in the figure 7. With the 

increasing of square-pores size, the strength of 

HEA-skeletons decreases. The slope decreases following 

the square-pore size increasing, which illustrates that as 

the square-pore size grows lager the Yong’s modulus 

decreases. The same trends were observed from 

compressive strain curves of Co47.5Fe28.5Ni19Si3.3Al1.7 

high-entropy composite materials. Mechanical properties 

dates of high-entropy skeleton and composite materials 

were shown in Table 1. It can be observed that the 

strength increased and existed typical yield phenomenon 

obviously after infiltration of aluminum. In addition, 

HEA composites material performed excellent 

compressive ductility with loading increasing.  

During the compression process, pores of different 

sizes reduce the load-bearing area, and also increase the 

loading stress initiating and promoting crack propagation, 

leading to premature failure of SLM-fabricated 
[20]

 With 

the pores being filled by Al, improved strength of the 

composite materials. On the other hand, the aluminum 

(1)

(2)

B A

(2)

(1)

(a) (b) (c)
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element diffuses into the high-entropy alloy skeleton 

during the pressure infiltration process, forming 

intermetallic compounds of aluminum, which makes the 

dislocation movement hindered by grain boundaries and 

therefore increases the strength. 

 

Figure 7  Compressive stress-strain curves of 

Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs skeleton and composites 

after infiltration at room temperature. (a): Properties of 

Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs skeleton. (b): Properties 

of Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs composites 

3.3 Magnetic properties 

The saturation magnetization and coercivity curves 

of HEA skeleton and composites can be obtained from 

figure 8(a) and (b). Figure 8(c) and (d) dispaly the Hc 

and Ms values bar of of high-entropy skeleton and 

composites respectively. According to figure 8, the 

saturation magnetizations of high-entropy skeletons 

fabricated by selective laser melting, are 146.2emu/g, 

146.8emu/g and 151.3emu/g respectively. 

Experimental results were closed to that prepared by 

magnetic levitation melting we investigated in 

previous work 
[8]

.And the coercivity reaches14Oe, 

9.9Oe, and 7.2Oe, respectively. After pressure 

infiltration of Al, values of Ms decreased markedly and 

Hc increased slightly. The Ms of the High-entropy 

composite materials are 97.1 emu/g, 79.8 emu/g, 33 

emu/g and possess 19 Oe, 15.8Oe and 17Oe of Hc, 

respectively. The coercivity of the three composite 

materials is obviously larger than the limit value of soft 

magnetic materials (＜1000 A/m or 12.56 Oe). 

Table 2  Compressive properties of  

Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs skeleton and composites 

after infiltration at room temperature. 

d(mm) 
σ0.2(MPa)/εp(%) 

(HEA-skeleton) 

σ0.2(MPa)/εp(%) 

(HEA composites material) 

0.6 45.6＞60% 240/＞60% 

0.7 28.5＞60% 277.9/＞60% 

0.8 13 ＞60% 198/＞60% 

The saturation magnetization strength of soft 

magnetic materials is related to the constituent elements 

of the alloy 
[7, 21]

. In the present experiment, the 

saturation magnetization strength of the high-entropy 

skeleton is comparable to that of the as-cast alloy, while 

the saturation magnetization strength decreases after 

pressure infiltration due to the fact that Al is a 

paramagnetic element with a magnetic moment close to 

0, which leads to a decrease in saturation magnetization 

strength as the Al content increases 
[22]

. The difference is 

that grain size and defects have a greater effect on the 

coercivity of the alloy.  

It is known that the magnetic property of materials 

is dependent on the magnetic domains, in which the 

internal stress induced by crystalline defects could block 

the movement of domain walls in an applied magnetic 

field, leading to in an increase in the coercivity Hc. The 

grain size of the alloy prepared by SLM is around 

100um 
[8]

, which is comparable to the cast state and 

therefore the coercivity is closer. It indicates that defects 

become the main influencing factor for the similar grain 

size. In this work, square-pores structure with different 

sizes in the high-entropy skeleton can be regarded as a 

macroscopic defect that causes a major shielding effect 

on the motion of magnetic domains. 

 

Figure 8  Room temperature hysteresis loops of 

Co47.5Fe28.5Ni19Si3.3Al1.7 HEAs skeleton and composites 

3.4 Magnetostriction characterization 

Magnetostrictive coefficient curve are given in 

Figure 9 for Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy 

skeleton and composite materials. It was found that the 

magnetostrictive coefficients of high-entropy skeleton 

and composite materials remained at the stable level, 

about 10 ppm and 5 ppm respectively. In comparison, the 

alloys Co47.5Fe28.5Ni19Si3.3Al1.7 prepared by SLM in the 

present study possessed lower magnetostrictive 

performance than smelted by magnetic levitation 
[8]

.  

Magnetostriction is the mechanical vibration of a 

material at the same frequency as the magnetic field 

under the action of an alternating magnetic field, i.e., the 

conversion of electromagnetic energy into mechanical 

energy. The magnetostriction coefficient is large, and the 

vibration generated by the conversion of mechanical 

energy is larger when the device is in operation, there 

will be noise generated. Hence, a lower magnetostriction 

coefficient will reduce the mechanical energy conversion 

and reduce the noise.  

A number of researches indicated that prepared by 

SLM in the present study possessed better 

magnetostrictive performance than as-cast. For instance, 

Zhang et al. prepared bulk Fe-Ga alloys with 12 mm in 

diameter and 2 mm in thickness by casting and aging for 

24 h. It was found that the λ//s (positive saturated 

magnetostriction) for the alloy with a thickness of 2 mm 

was 32 ppm and gradually increased with the thinning of 

(a) (b)

(a)

(d)(c)

(b)
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the alloy 
[23]

. In addition, oriented bulk Fe-Ga rods 

prepared by directional solidification method, which 

showed large columnar crystals with ＜ 100 ＞ 

preferential orientation and a magnetostriction of 170 

ppm 
[24]

. However, in contrast to reported, the 

magnetostriction coefficients in present study were 

reduced. On the one hand, SLM process reduces the 

magnetostriction of the Co47.5Fe28.5Ni19Si3.3Al1.7 skeleton 

and increases the blockage of the magnetic domain wall 

by irregular grains, which is not conducive to the 

uniform motion of the magnetic domain wall
 [25]

. On the 

other hand, the special structure of the high-entropy 

skeleton impedes the movement of the magnetic domain 

walls, thus weakening the magnetostriction phenomenon 

of the alloy 
[26]

. 

 

Figure 9  Magnetostrictive curves of 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy skeletons and 

high-entropy composites materials. 

4 Conclusions 

This paper presents research on 

Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy composites were 

prepared by selective laser melting and pressure 

infiltration. we developed three different high-entropy 

square-pore structures and composite materials. The 

following conclusions were drawn: 

(1) Co47.5Fe28.5Ni19Si3.3Al1.7 high-entropy skeleton 

were prepared by selective laser melting with a single 

FCC phase. And the compound phase of Al appears in 

the composite after Al pressure infiltration. 

(2) Uneven grain size of the high entropy skeleton 

structure is the result of non-equilibrium solidification 

caused by the different cooling rates between the center 

and the boundary of the melt pool in the SLM process. 

(3) The saturation magnetization strength decreases 

after pressure infiltration due to the fact that Al is a 

paramagnetic element with a magnetic moment close to 

0, which leads to a decrease in saturation magnetization 

strength as the Al content increases. For the similar grain 

size, defects become the main influencing factor. In this 

work, square-pores structure with different sizes in the 

high-entropy skeleton can be regarded as a macroscopic 

defect that causes a major shielding effect on the motion 

of magnetic domains. 

(4) The composites with different square-pore sizes 

exhibit favorable compressive plasticity with a degree of 

deformation above 60%. Strength of high-entropy 

composite materials was improved due to infiltration of 

Al into pore defects. 

(5) The magnetostriction coefficient of high-entropy 

composite material is lower than that of high-entropy 

skeletons, but the magnetostriction coefficients of both 

are relatively low and more stable. 
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Abstract: 

The present work investigates the effect of Ni on the microstructure, mechanical properties, and corrosion resistance of 

CoCrFeNixAl0.15Ti0.1 high-entropy alloys. It was found that the appropriate addition of Ni element in the alloy is beneficial to reduce 

the average grain size of the alloy. The yield strength and tensile strength of the alloy under fine-grain strengthening have also been 

increased, while the ductility of the system in this study has not been significantly affected. In terms of corrosion resistance, 

CoCrFeNixAl0.15Ti0.1 high-entropy alloys form a dense passive film at open circuit potential, possessing good corrosion resistance. 

However, with the excessive addition of Ni content in the alloy, the pitting corrosion resistance of the alloy in the environment of 

chloride ions will decrease due to the relative decrease of the relative content of Cr element. This work also can provide guidances 

for the design and development of new precipitation-strengthened CoCrFeNi-based high-entropy alloys with excellent 

comprehensive properties. 

Keywords: High-entropy alloy, Microstructures, Mechanical properties, Corrosion resistance 

 

1 Introduction 

In recent years, high-entropy alloys (HEAs) have 

become a hot research object in the field of metal 

materials for its excellent comprehensive properties 
[1-5]

. 

Different from the design concept of traditional alloys 

with a single principal element, HEAs containing four or 

more elements designed in equal or near-equal 

proportions tend to form a multi-component disordered 

solid solution phase structure 
[6-7]

. Due to excellent 

ductility at room temperature and low temperature, the 

most representative CoCrFeNi high-entropy alloy with 

FCC structure has been widely studied 
[8-9]

. Additionally, 

the CoCrFeNi alloys can form a uniform, dense and 

stable high-entropy amorphous oxide passive film on the 

surface in an oxygen environment, which can lead to 

excellent corrosion resistance 
[10-12]

. However, the low 

strength of FCC-structured CoCrFeNi high-entropy 

alloys limits the range of industrial applications. 

In the past few years, many researches have been 

carried out on strengthening CoCrFeNi HEAs. In 

traditional structural alloys, such as superalloys, steels, 

aluminum alloys, etc., precipitation strengthening has 

been proven to be one of the effective ways to improve 

the strength of metal materials 
[13-15]

. Due to the 

multi-component characteristics of CoCrFeNi-based 

HEA, there are many types of strengthening phases can 

be induced to precipitate. Common precipitation 

strengthening phases include Laves phase and L12-γ′ 

phase 
[16-18]

. However, though the addition of common 

Nb, Hf, Ta and other large-sized atoms to form the 

precipitation of Laves phase can improve the mechanical 

properties of the alloy, it will also seriously reduce the 

toughness of the alloys 
[19-21]

. A large number of studies 

have confirmed that L12 phase precipitation 

strengthening is one of the effective methods to achieve 

the strength-ductility balance of CoCrFeNi-based HEAs. 

Yang et al. added a fixed stoichiometric ratio of Ni and 

Al to the CoCrFeNi HEAs to form a nano-L12 

precipitate on the FCC matrix, which effectively 

improved the strength and maintained good plasticity 
[22]

. 

He et al. induced the formation of L12 coherent nano-γ′ 

phase in CoCrFeNi HEA by adding a small amount of Al 
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and Ti, successfully achieving the balance of 

strength-ductility 
[23]

. 

For CoCrFeNi HEAs, the corrosion resistance of the 

alloy can be effectively improved by adding certain 

alloying elements, which has become one of the 

important directions of research on the corrosion 

resistance of HEAs 
[24-26]

. Studies have shown that the 

composition of the precipitated phase of the alloys and 

the degree of element segregation directly affect the 

overall corrosion resistance of the HEA. For example, in 

the AlxCoCrFeNi alloy, the increasing of the Al content 

will lead to an increase in the volume fraction of the 

Cr-depleted body-centered cubic phase, which will 

reduce the local corrosion resistance 
[27]

. Nevertheless, 

with the homogenization heat treatment, the degree of 

element segregation between the precipitated phase and 

the matrix is reduced, resulting in improving the 

corrosion resistance of the alloys 
[28]

. Therefore, the 

composition and compositional regulation of the phase 

structure play a key role in the corrosion resistance of the 

alloy. Similar to iron and steel materials, Ni element 

usually plays the role of austenite stabilization, that is, 

the higher the content of Ni element, the more stable the 

FCC structure multi-component solid solution in the 

HEA. Meanwhile, other phases in the alloys (e.g., BCC 

structural solid solution phase and B2 phase, ζ phase, 

Laves phase, and other ordered phases) are also 

gradually suppressed with increasing Ni content 
[29-30]

. In 

the CoCrFeNi-TiAl HEAs system, the addition of Ti and 

Al elements will enhance the mechanical properties by 

forming ordered γ′ strengthening phases, but also 

consume the group elements in the matrix during the 

formation of γ′ phases. In particular, the reduction of Ni 

element in the matrix will lead to a decrease in the 

stability of the FCC structure matrix, which may lead to 

a decrease in the corrosion resistance of the matrix, and 

in turn greatly affect the overall corrosion resistance.  

Thus, the main emphasis of this study is to designs 

and prepares the CoCrFeNixAl0.3Ti0.2 (x=1.0, 1.25, 1.5, 

1.75) HEAs, and to explores the effect of Ni content on the 

structure, mechanical properties and corrosion resistance 

of CoCrFeNixAl0.15Ti0.1 HEAs, as well as to optimize the 

alloys performance. This work will help to extend the 

excellent overall performance CoCrFeNi-based HEAs 

system to provide an important research basis. 

2 Material and methods 

The CoCrFeNixAl0.3Ti0.2 HEAs ingots were 

prepared by melting in vacuum melting furnace using Co, 

Cr, Fe, Ni, Al, Ti with high-purity (＞ 99.9 wt.%) as raw 

materials under argon protection. During the smelting 

process, the samples were re-melted five times at least to 

ensure the uniformity of the elements. The alloy samples 

were homogenized at 1200℃ for 18 hours, subsequently 

by water quenching. All homogenized samples were 

cold-rolled with a thickness reduction of 60 %, and then 

aged at 800℃ for 4 h. 

The crystal structures of the CoCrFeNixAl0.3Ti0.2 

alloys were examined by X-ray diffractometer (Model 

D8/Advance, Bruker, Germany) using Cu-Kα radiation 

with a scanning range of 30 to 90° and a step size of 

5°/min. The fracture surfaces of the tensile samples were 

studied using a scanning electron microscopy (SEM, 

HITACHI S-4300, Japan). Mechanical tensile tests were 

performed the dog-bone shaped tensile specimens with 

20 × 4 × 2 mm at room temperature by a universal 

testing machine (CMT4305, New Sansi Laboratory 

Equipment Co., China) under a strain rate of 5×10
−4

/s. 

Electrochemical measurements were carried out using an 

electrochemical workstation (VersaStat4, Princeton, 

USA), with a three-electrode system in 3.5 wt.% NaCl 

solution at room temperature. In three-electrode system, 

the HEA specimen, platinum electrode and saturated 

calomel electrode (SCE) were employed as the working, 

auxiliary and reference electrode, respectively. Before 

the electrochemical test, all samples were immersed at 

least 30 minutes until the open circuit potential (OCP) 

reached a steady state. The potentiodynamic-polarization 

tests were measured from from an initial potential of 

-0.25 V (vs. OCP) to the anodic potential with a current 

density of 2 mA/cm
2
 with a scan speed of 1 mV/s. The 

electrochemical impedance spectroscopy (EIS) was 

measured at the OCP in the frequency range of 10
5
 Hz to 

10
−2

 Hz with a potential amplitude of 10 mV. 

3 Results 

3.1 Microstructure and phase analysis 

The XRD patterns of CoCrFeNixAl0.15Ti0.1 (x=1, 

1.25, 1.5, 1.75) HEAs are shown in Figure1. It can be 

seen that the obvious FCC solid solution structure peaks 

were identified in all alloys. In general, adding an 

appropriate amount of Al and Ti to CoCrFeNi alloys is 

beneficial to the formation of nanoscale L12-γ′ phase, 

which can be confirmed in TEM experiments in 

previous work 
[31]

. 

 

Figure 1  XRD pattern of CoCrFeNixAl0.15Ti0.1 HEAs 

To explore the effect of Ni element content on the 

phase transition temperature range of HEAs, DSC tests 

were carried out on CoCrFeNixAl0.15Ti0.1 alloys with 

different Ni contents, and the results are shown in Figure 

2. As can be seen, with the increase of the Ni content, the 
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melting point of the HEAs decreases gradually. It should 

be pointed out that the DSC curves of the four 

components of the alloys have an obvious exothermic 

step in the temperature rise stage, indicating that there is 

an obvious precipitate phase dissolves into the 

solid-matrix of CoCrFeNixAl0.15Ti0.1 HEAs during heat 

treatment temperature. When the Ni content increases 

from x=1 to x=1.75, the precipitation temperature of 

ordered γ′ phase in the alloys decreases slowly from 904℃ 

to 898℃, showing that the addition of Ni element will 

reduce the thermal stability of the precipitated phase. 

 

Figure 2  DSC spectrum of CoCrFeNixAl0.15Ti0.1 (x=1, 

1.25, 1.5, 1.75) HEAs 

Figure 3 shows the EBSD invert pole figure (IPF) 

and grain size distribution of CoCrFeNixAl0.15Ti0.1 HEAs. 

The HEA grains of the four alloys are basically in an 

equiaxed state, while the orientation distribution is 

uniform. Moreover, the grains have no obvious preferred 

orientation distribution, and there are no large deformed 

grains. With the increase of Ni content, the average grain 

size of the alloys decreases first and then increases. The 

average grain size of CoCrFeNixAl0.15Ti0.1 HEAs 

decreased from 14.4μm to 7.6μm when Ni content 

increased from x=1 to x=1.25. But as the Ni content 

continues to increase, the average grain size of the 

x=1.75 alloy begins to increase to 10.7μm. Previous 

research has shown that the grain size has a direct effect 

on the strength of the metal, that is, fine grain 

strengthening 
[32]

. With the gradual refinement of the 

grains, the number of grain boundaries inside the alloy 

increases rapidly, resulting in an increase in the 

hindrance of the grain boundaries to the movement of 

dislocations during the deformation process, which 

improves the mechanical properties of the HEAs. 

Figure4 displays the kernel average misorientation 

(KAM) maps of CoCrFeNixAl0.15Ti0.1 HEAs samples. The 

KAM values generally can be represented as the density 

of geometrically necessary dislocation (GND) 
[33]

. It can 

be seen that the dislocations in all alloys are distributed near 

the grain boundaries. Under the same rolling deformation 

and heat treatment conditions, the dislocation density in 

Figure 4(a, c and d) is lower. However, the KAM value in 

the x=1.25 alloy is significantly higher, indicating that the 

dislocation density of the alloy accumulated at the grain 

boundary is greater, which is conducive to improving the 

initial strain hardening rate of the alloy under small plastic 

deformation 
[34]

. 

 

Figure 3  The IPF and grain size distribution of 

CoCrFeNixAl0.15Ti0.1 HEAs: (a) x=1, (b) x=1.25, (c) 

x=1.5, (d) x=1.75 

 

Figure 4  The KAM maps of CoCrFeNixAl0.15Ti0.1 

HEAs: (a) x=1, (b) x=1.25, (c) x=1.5, (d) x=1.75 
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3.2 Mechanical properties 

The tensile engineering stress-strain curves at room 

temperature of the CoCrFeNixAl0.15Ti0.1 HEAs are shown 

in Figure 5(a). Table.1 summarizes the yield strength 

(ζYS), ultimate tensile strength (ζUTS) and fracture 

elongation (εFE) of HEAs. The four components of 

CoCrFeNixAl0.15Ti0.1 HEAs exhibiting continuous work 

hardening behavior until the final plastic instability, 

while there is no discontinuous yield phenomenon in the 

transition stage between elastic deformation and plastic 

deformation. It can be found that as the Ni content 

increased to x=1.25, the comprehensive mechanical 

properties of the CoCrFeNi1.25Al0.15Ti0.1 HEAs reached 

the optimum, and the yield strength, ultimate tensile 

strength and fracture elongation were 800.4 MPa, 1172 

MPa and 27.1%, respectively. After the end of the elastic 

stage, CoCrFeNi1.25Al0.15Ti0.1 HEAs exhibits a short yield 

plateau and begins to show significant work-hardening 

behavior after the end of the yield stage. As the Ni 

content continues to increase, the mechanical properties 

of the CoCrFeNixAl0.15Ti0.1 HEAs begin to decline, and 

the plastic deformation ability also decreases. Figure 5 (b) 

shows the work-hardening behavior of 

CoCrFeNixAl0.15Ti0.1 HEAs. All alloys exhibit a typical 

multi-stage work-hardening rate curve. The first stage is 

the transition from elastic to plastic deformation. Due to 

the low density of mobile dislocations at the onset of 

plastic deformation, the work hardening rate rapidly 

decreases to a negative value, which corresponds to the 

yield drop in the engineering stress-strain curve. The 

second stage of work hardening increases significantly, 

which may be related to the twinning related deformation 

mechanisms generated during deformation 
[4,35]

. The 

anomalous increase in strain hardening rate in this stage is 

crucial for maintaining the plastic stability of the alloy 
[36]

. 

The third stage of work-hardening rate decreases slowly and 

corresponds to the longer plastic deformation phase of the 

engineering stress⁃strain curve. In this stage, the 

work-hardening rate gradually decreases until a local stress 

concentration occurs, leading to catastrophic fracture. 

Table 1  The yield strength, ultimate tensile strength 

and fracture elongation of CoCrFeNixAl0.15Ti0.1 HEAs 

Alloys ζYS (MPa) ζUTS (MPa) εFE (%) 

CoCrFeNiAl0.15Ti0.1 739.8 1142.6 29.1 

CoCrFeNi1.25Al0.15Ti0.1 800.4 1172.9 27.1 

CoCrFeNi1.5Al0.15Ti0.1 778.9 1156.2 24.9 

CoCrFeNi1.75Al0.15Ti0.1 745.0 1121.3 24.5 

Figure 6 is the SEM image of the tensile sample 

fracture of CoCrFeNixAl0.15Ti0.1 HEAs. A large number of 

dimples and a small number of cleavage fracture planes 

can be found in the tensile sections of all samples, 

meaning that the tensile fracture modes of the four 

groups of samples are dominated by ductile fracture and 

shear fracture. In general, the size of fracture dimples is 

related to the size of grains, because grain boundaries are 

the starting point of pores. The finer the grain, the 

smaller the dimple size 
[37]

. In addition, the separation of 

the precipitated phase and the matrix during deformation 

and the fragmentation of the precipitated phase can also 

lead to the formation of pores 
[38]

. Thus, the dimples at 

the fracture of the samples with Ni content of x=1.25 and 

x=1.5 are smaller, while the number of cleavage fracture 

planes is also increase. This may be related to the 

promotion of the precipitation of γ' phase after a small 

increase in Ni content. On the one hand, the formation of 

precipitated phases causes the strengthening effect of the 

second phase. On the other hand, the precipitated phases 

can also play a role in refining grains 
[39]

. When the Ni 

content continued to increase to x=1.75, the dimple depth 

at the fracture site of the sample began to become 

shallower, and the cleavage area began to increase, 

indicating a decrease in the ductile fracture of the 

sample. 

 

Figure 6  Fracture morphology and high-magnification 

fracture morphology of tensile samples of 

CoCrFeNixAl0.15Ti0.1 HEA: (a, b) x=1, (c, d) x=1.25, (e, f) 

x=1.5, (g, h) x=1.75 

3.3 Corrosion resistance 

Figure 7 illustrates the potential polarization curves 

of the CoCrFeNixAl0.15Ti0.1 HEAs under 3.5 wt.% NaCl 

solution at room temperature. The results of the 

electrochemical corrosion parameters (corrosion 

potential Ecorr, corrosion current icorr) are listed in 

Table 2. It can be found that the polarization curves of 

CoCrFeNixAl0.15Ti0.1 HEAs are similar, showing the same 

active-to-passive corrosion behavior. Based on 

electrochemical theory, the lower the corrosion current of 

a material, the better its corrosion resistance. Thus, all 
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CoCrFeNiAl0.15Ti0.1 HEAs demonstrate better corrosion 

resistance. Additionally, the dislocations also play a great 

influence on the corrosion resistance of alloys, which 

will promote the passive film on the surface of the 

alloys and the diffusion of cation vacancies within the 

matrix 
[40]

. These point defects in the environment of 

chlorine-containing corrosive solutions will accelerate the 

destruction of the surface passive film, reducing the 

corrosion resistance of the alloys. With the increase of Ni 

element in the alloys to x=1.25, the corrosion current 

density of the alloys reaches 9.19×10
-8

A/cm
2
, indicating 

that the corrosion resistance of x=1.25 alloy are the worst at 

the corrosion potential. However, the corrosion current 

density of the all alloys still maintains the same order of 

magnitude, implying that the HEA of this system possess 

good corrosion resistance. 

 

Figure 7  Potentiodynamic polarization curves of 

CoCrFeNixAl0.15Ti0.1 HEAs 

In the corrosion resistance of materials, the pitting 

potential (Epit) is an important performance index 

parameter that characterizes the material's pitting 

resistance. Although the corrosion current density of 

CoCrFeNi1.25Al0.15Ti0.1 HEAs is the highest, the 

breakdown potential reaches 0.639 V (vs. SCE), 

indicating that the formation of passive film of this 

component is more stable at high potentials. With the 

further increase of Ni element, the pitting corrosion 

potential of the material gradually decreases. Previous 

studies have shown that Cr element is a key element of 

stainless steel. In seawater, Cr element can form a dense 

Cr2O3 film on the surface of stainless steel, which greatly 

improves the resistance of the material to the erosion of 

chloride ions 
[41]

. For CoCrFeNixAl0.15Ti0.1 HEAs, when 

the content of Ni in the alloy is excessive, the reduction 

of pitting corrosion resistance in the alloys may be 

related to the reduction of the relative content of Cr in 

the alloys. 

Table 2  Corrosion kinetic parameters of 

CoCrFeNixAl0.15Ti0.1 HEAs 

Alloys Ecorr (VSCE) Icorr (A/cm2) Epit (VSCE) 

CoCrFeNiAl0.15Ti0.1 -0.265 2.86×10-8 0.544 

CoCrFeNi1.25Al0.15Ti0.1 -0.256 9.19×10-8 0.639 

CoCrFeNi1.5Al0.15Ti0.1 -0.268 3.23×10-8 0.356 

CoCrFeNi1.75Al0.15Ti0.1 -0.187 3.89×10-8 0.379 

In order to further understand the corrosion 

mechanism of CoCrFeNi1.25Al0.15Ti0.1 HEAs under the 

open circuit potential, the material was analyzed by EIS 

test. Figure 8 shows the Nyquist plot and Bode plot 

results of CoCrFeNixAl0.15Ti0.1 HEAs. All response 

results present a single capacitive semicircle, indicating a 

passive film with the same structure. For the Nyquist plot, 

the larger the diameter of the arc, the more stable the 

passive film formed on the surface of the alloys 
[42]

. In 

Figure 8 (a), the corrosion resistance trend of 

CoCrFeNixAl0.15Ti0.1 HEAs is basically consistent with 

the potentiodynamic polarization curve. In addition, 

Figure 8 (b) shows the Bode plots of different alloys, and 

the phase angles of all alloys tend to be -80° in a wide 

frequency range, meaning a stable passive film is formed 

on the surface of the alloys. 

According to the semicircular arc characteristics of 

the Nyquist plot and the corrosion characteristics of the 

alloys, Figure 8 (a) shows the equivalent circuit 

applicable to the alloy system. In this circuit, Rs and Rt 

represent the resistance of the solution and the passive 

film, respectively 
[43]

. Based on this fitting circuit 

simulation, the electrochemical impedance fitting 

parameters of the CoCrFeNixAl0.15Ti0.1 HEAs are listed in 

Table.3. Generally, the higher the resistance Rt of the 

passive film, the better the protective effect of the 

passive film. Thus, CoCrFeNiAl0.15Ti0.1 HEAs display 

 

Figure 5  The mechanical properties of  CoCrFeNixAl0.15Ti0.1 (x=1, 1.25, 1.5, 1.75) HEAs at room temperature (a) 

engineering stress-strain, (b) true stress-strain curve and work hardening rate 
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better passive film stability at open circuit potential. 

 

Figure 8  EIS response of CoCrFeNixAl0.15Ti0.1 HEAs: 

(a) Nyquist plot and equivalent circuit, (b) Bode plot 

Table 3  Impedance fitting parameters of 

CoCrFeNixAl0.15Ti0.1 by the equivalent circuit. 

Alloys 
Rs 

/Ω*cm2 

Y (CPE) 

/(F*cm-2) 
n 

Rt 

/Ω*cm2 

CoCrFeNiAl0.15Ti0.1 7.99 2.23×10-5 0.88 1.73×106 

CoCrFeNi1.25Al0.15Ti0.1 8.60 1.70×10-5 0.90 6.30×105 

CoCrFeNi1.5Al0.15Ti0.1 9.18 1.41×10-5 0.86 1.53×106 

CoCrFeNi1.75Al0.15Ti0.1 13.26 2.00×10-5 0.91 9.70×105 

4 Conclusions 

In this work, the effects of Ni on the microstructure, 

mechanical properties and corrosion resistance of 

CoCrFeNixAl0.15Ti0.1 HEAs have been systematically 

investigated, and the main conclusions are as follows: 

CoCrFeNixAl0.15Ti0.1 HEAs consists of a typical 

dual-phase structure of FCC + γ′ phases. The crystals in 

the all alloys exhibit equiaxed crystal morphology, and 

the CoCrFeNi1.25Al0.15Ti0.1 alloy has the smallest grain 

size, with an average grain size of 7.6 μm. 

The yield strength and tensile strength of 

CoCrFeNixAl0.15Ti0.1 HEAs increased first and then 

decreased with the increase of Ni content, but the tensile 

plasticity remained at a high level. Especially, the yield 

strength and tensile strength of CoCrFeNi1.25Al0.15Ti0.1 

alloy reached 800 MPa and 27.1%, respectively. 

Due to the formation of a stable passive film on the 

surface, CoCrFeNixAl0.15Ti0.1 HEAs display good 

corrosion resistance under corrosion potential. Excessive 

Ni element in the alloy will reduce the pitting corrosion 

resistance of the alloy. 
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