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Fig.1 Schematics of high-entropy carbides predictions®: (a) energy distribution and (b) X-ray diffraction patterns
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Table 1 Preparation of reported high-entropy ceramic powders®"!

Composition Processing Structure Lattice parameter/nm  Particle size/nm  Oxygen content, /% Refs.
(Hf0.2M0o.2Tao.2Nbo.2 Tio.2) B2 SHS Hexagonal a, b-0.310 01 c-0.331 27 30 - [35]
(Hfo.2Zro2Ta02Cro.2Tio2) B> BTR - - 270 - [36]
(Hf0.2M00.2Zr02Nbo 2 Tio 2) B, BTR - - 360 - [36]
(Hf0.2M0g.2Tag.2Nbo 2 Tio.2) B2 BTR - - 540 - [36]
(Hfo.2Zro2Tag 2Nbo 2 Tio2)B2 BTR Hexagonal - 310 3.47 [37]
(TiZrHfVND)Cs DR fcc 0.45 100~300 - [38]
(Hfo.2Zro,Tag 2 Tio.2Nbg 2)C CTR+SS Rocksalt 0.4524 550 0.2 [39]
(Tio.2Zro.2 Hfo.2Nbo 2Tao2)C SPS fcc 0.450 84 200 - [40]
(Tio.2Zro.2 Hfo 2Nbo 2 Tao2)C SG - - 132 0.22 [41]
(Tao.25Nbo. 25 Tig.25Vo0.25)C MSM Rocksalt - 80~90 - [42]
(HfxiNbysTaxTixoMys)C Calcine fcc - 100~300 <0.1 [43]
(Hfo.2Zro.2Tio.2Tao2Nbo 2)C CTR - - 100 0.8 [44]
(TiZrNbTaMo)Cs CTR fcc - 100~300 - [45]

Note: SHS—self-propagating high-temperature synthesis; BTR—borothermal reduction; DR—diffusion route; CTR—carbothermal reduction;

SS—solid solution; SPS—spark plasma sintering; SG—sol-gel; MSM—molten salt method
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Table 2 Mechanical properties of high-entropy ceramic:

4[30.36,5354,62-70]

Composition Process Structure Relative density/% Hardness/GPa Young’s modulus/GPa Toughness/MPa m*? Refs.
B4(HfMo,TaTi)C-SiC PCP  hcp - 35.4 (Nano) 472.4 - [62]
(M00,2W0AzcroAzTao,2Nbo,z)Siz SPS th — 1262(HV93) 343.8 2.9 [63]
(Tio.2Zro.2Hfo 2Nbg 2 Tag 2)C SPS - 98.6 21.930.4(HV10) - 4.5140.61 [64]
(Tio.2Zro2Hfo.2Nbo 2 Tag2)C-SiCo» SPS - 99.8 25.020.8(HV10) - 5.2440.41 [64]
(ZI’o,zsNboAstiosto,zs)C HP fcc 95.1 30.3 (Nano) — — [30]
(HfozZl’ozTaoszoleoz)c HP fcc 95.3 40.6 (Nano) - 4.740.5 [53]
(VNbTaMoW)C SPS  fcc 97.7 25.27(Nano) - 3.34 [65]

(Ta, Zr, Nb)C SPS fcc 95 - - 2.9 [66]

(Hf, Ta, Zr, Nb)C SPS - - 36.1 (Nano) 551 - [67]
(TiZrNbTaMo)C HP fcc 98.6 25.3(Nano) - 3.28 [54]
(Hfo,zZl’oAzTaoAzcro,zTioAz)Bz SPS th 99.2 28.3 (HVoz) - - [36]
(Hfo.2Mo0g 2Zro.2Nbp 2 Tig 2) B2 SPS hcp 97.7 26.3 (HVo.2) - _ [36]
(Hfo2Moo2Tao2Nbo 2 Tio2)B2  SPS hcp 95.0 25.9(HVo.2) - - [36]
(Hfo,zZl’oAzTiolzTaolzNbo,z)Bz SPS th 99.4 205(HV02) - - [68]
(Hfo,zZl’oAzTiolzTaoleOo,z)Bz SPS th 99.7 249(HV02) - - [68]
(Hfo,zZl’o,zTio,zTaolgcro,z)Bz SPS fcc 99.1 24.9(HVO,2) — — [68]
(Zro_z Tao_zTio_szo_szo_z)Bz SPS th 94 16.4 (HVo_z) — — [69]
(Hfo_zZl’o_zTao_zNbo_zTio_z)Bz SPS th 96.3 21.7 (HVOQ) - 4.0640.35 [70]
(Hfo,zZl’o,zMOo,zNbo,zTio,g)Bz SPS th 98.1 26.3 (HVolz) — 3.6440.36 [70]
(Hfo.2Moo 2 Tao.2Nbo 2 Tio.2) B2 SPS hcp 98.5 27.0 (HVo2) — 4.4740.40 [70]

Note: PCP—pulsed current processing; SPS—spark plasma sintering; HP—hot pressing sintering

B 2 (Zro.2sNbo 2sTio25Vo.25)C i Ml & 11 SEM IR 5
Fig.2 SEM characterization of (Zro2sNbog 25Tio.25Vo.25)CEY: (a) SEM image of Vickers indentation; (b) local high magnification of Fig.2a;

(c) SEM image of the fracture surface; (d) local high magnification of Fig.2c
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Research Progress and Perspective of High-Entropy Carbide and Boride Ceramics

Xia Ming"?, Lu Nan? Chen Yongxiong?, Liang Xiubing?, Shen Baolong®*
(1. School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou 221116, China)
(2. Defense Innovation Institute, Academy of Military Science PLA China, Beijing 100071, China)
(3. School of Materials and Physics, China University of Mining and Technology, Xuzhou 221116, China)
(4. School of Materials Science and Engineering, Southeast University, Nanjing 211189, China)

Abstract: High-entropy ceramics (HECs) usually refer to multi-principal solid solutions formed by five or more ceramic component,
which possess many superior properties, such as extremely high hardness and modulus, low thermal conductivity and good oxidation
resistance, exhibiting great potential in aerospace, high-speed cutting tools and other harsh environments. However, the current research
on HECs is still in its infancy. The improvement of theoretical criteria and composition design theory, the establishment of solid solution
coupling mechanism, the optimization of preparation method and the application of high throughout computation are urgently needed in
the future. This paper summarized and analyzed the research progress of HECs, which mainly introduced material design, preparation
technology and performances of HECs, and the future development of HECs was prospected.
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