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Abstract: As a kind of high-entropy ceramics, high-entropy boride ceramics have attracted more and more attention because of their
excellent high temperature comprehensive mechanical properties and stability. However, there is no review on the research of high
entropy boride ceramics. Therefore, the definition of high-entropy ceramics and the preparation methods of high-entropy borides were
introduced. The application of first-principles calculations in the study of high entropy borides, the prediction of synthesis of
high-entropy borides and the prediction and understanding of properties are summarized. The advantages and disadvantages of
various preparation methods of high-entropy boride ceramic powders and bulks were comprehensively evaluated. Taking mechanical
properties as the focus, various physical and chemical properties of high-entropy boride ceramics and their influencing factors and
mechanisms were analyzed. At the same time, the shortcomings of high-entropy borides in theoretical calculation, preparation and
exploration of material properties are summarized, and the possible future research directions were analyzed and prospected.
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Fig. 1 Crystal structure of high-entropy borides
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Table 1 Research progress on synthesis methods of high-entropy boride powders

Method Raw metarials Temperture/ C Particle size/um Purity/%  Reference
j;llt;lpers(zz)agatmg high-temperature Metals + B o4 06 [19]
Borothermal reduction Metal oxides + B 1600 0.27-0.54 89.9-97.3 [52]
Borothermal reduction Metal oxides + B 1700 -0.30 100 [53]
Boro/carbothermal reduction Metal oxides +B,C+C 1600 0.20-0.40 [38]
Boro/carbothermal reduction Metal oxides +B4,C+C 1600-1 800 -0.26 -99.5 [50]
Boro/carbothermal reduction Metal oxides +B4C 1300-1 800 0.35-0.63 92.3-99.5 [48]
Boro/carbothermal reduction Metal oxides +B4C 1600 1.40 -99.3 [49]
Boro/carbothermal reduction Metal oxides + B +C 1650-1900 -0.30 [54-55]
Boro/carbothermal reduction Metal oxides +B,C+C 1800 0.16 [56]
Low temperature molten salt method Metal oxides + B +KC1 1150 0.10-0.20(axial), 0.02—0.03(radial) [57]
Low temperature molten salt method Metal oxides + B,O3+Mg+MgCl 1000 0.028-0.056 94-96 [58]
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for the fabrication of high-entropy ceramics
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(b) High-entropy ceramics were prepared by SPS using high-entropy powder prepared by boro/carbothermal reduction’

[38]

(d ) High-entropy ceramics were prepared by SPS using high-entropy powder prepared by boro/carbothermal reduction

[48]
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Fig. 6 SEM and the corresponding EDS elemental maps of the sintered (Tig,Zry,Hfy 2Nbg,Tag2)B,
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Table 2 Preparation conditions and mechanical properties of high-entropy boride ceramics

Component Sintering ,, Relati\./e Grain size/  Young modulus/ Fracture TI(/)zughness/ Vickers Hardness/GPa Reference
temperature /'C  density/% um GPa (MPa'm'™)
(Tig2Zro 2Hfy 2Nbg 2 Tag 2)B, 2000 92.4 (17.5+1.2) (Hy0.2) [17]
(Tig.2Zro Hfy 2Nbg 2 Tag2)B, 2000 94.4 (6.67£1.20) 500 (2.8340.15)° (25.61£0.83) (Hy0.2)  [48]
(Tig2Zr0 ,Hfy 2Nbg 2 Tag 2)B; 2050 97.9 (41.248.1) 527 (26.82+1.77) (Hy0.2)  [48]
(Tig2Zr0 ,Hfy 2Nbg 2 Tag 2)B; 2000 96.3 (4.06+0.35)" (21.7£1.1) (Hy0.2) [38]
(Tio.237 5Zr0.237 sHf0.237 sNbo.0sTag 237 5) B2 99.8 5.6 23.1 (Hv0.2) [76]
(Ti, Zr, Hf, Nb, Ta)B, 2000 98.9 (2.3£1.2) (25.4+0.5) (Hy0.2) [77]
(Ti, Zr, Hf, Nb, Ta)B, 2100 99.7 (4.7+1.8) (25.2+0.6) (Hy0.2) [77]
(Ti, Zr, Hf, Nb, Ta)B, 2200 99.9 (29.6+11.7) (24.3+0.5) (Hy0.2) [77]
(Tig 2 Zr0 ,Hfy ,Tag 2M0y2)B, 2000 92.4 (19.1£1.8) (Hy0.2) [17]
(Tig 2 Z1o ,Hfy ,Tag 2M0y 2)Bs 99.9 6.8 24.9 (Hy0.2) [62]
(Tig2Zro Hfy 2Nbg 2Mo0y 2)Ba 2000 923 (21.9£1.7) (Hy0.2) [17]
(Tig2Zro Hfy 2Nbg 2Mo0y 2)Ba 2000 97.7 (26.3+0.7) (Hy0.2) [52]
(Tig2Zro Hfy 2Nbg 2Mo0y 2)Ba 2000 98.1 (3.64+0.36)" (26.3+1.8) (Hy0.2) [38]
(Tig2Z10,Hfy 2, Tag 2Cro2)By 2000 92.2 (19.9+2.6) (Hy0.2) [17]
(Tig.2Zro2Hf 2 Tag 2Cro2)B2 2000 99.2 (28.3£1.6) (Hy0.2) [52]
SS: (3.56£0.32)*  $S:(29.340.9) (Hy0.2)
(TioaZrozHio2Tao2Cro2)B, 2000 91 TS: (4.63£0.19)°  TS:(30.2+1.0) (Hy0.2) (78]
(Tig2Zr0,,Nby 2 Tag ,M0g 2)B; 2000 92.1 (23.7£1.7) (Hy0.2) [17]
(Tig.2Zro2Hf52M0g 2 Wo.2)B2 43 29.4 (Hy0.2) [62]
(Tio.2Zro2Hfy2M0g 2 Wo2)B2 3.1 27.7 (Hy0.2) [79]
(Tig2Zr0,Hfy 2M00, W0 2)B; 2000 97.5 14.7 26.0 (Hy0.2) [68]
(TigHf sNby 1 Tag sMoyg ) B, 2000 98.5 (4.47+0.40)" (27.0+0.4) (Hy0.2) [38]
(Tio.2Hfy 2Nby 2 Tag2M0g 2)B> 2000 95.0 (25.9£1.1) (Hy0.2) [52]
(TigHf sNby 1 Tag sMog 2)B, 2000 92.2 (22.5+1.7) (Hy0.2) [17]
(Tig.2Tap2Crp2Moy 2 Wo2)B, 2000 95.5 13.7 23.7 (Hy0.2) [68]
(ZroHfy ;Nbg 2 Tag 2Mog.2) B, 1900 96.6 (24.0+1.0) (Hy0.2) [66]
(Zro2Hf 2Nby ,Tag . Wy 2)B, 2000 98.1 14.8 26.7 (Hy0.2) [68]
(Tag2CrosMop 2 W 2Nig2)B 2000 97.8 (48.51£4.07) (Hy0.05)  [31]
(Yo0.23Ndo21Smp20Gdo 15Ybo.15)Bs 1700 99.0 (4.72£2.87)  (197.0£12.3) (17.1 £ 1.2) (Hyl) [34]
(Yo.19La0.19Pr0.22D¥0.19Ybo21)Bs 1700 98.6 (4.1242.48)  (222.3£10.0) (16.8+1.1) (Hyl) [34]
(Lag,1oNdo21Smy23Gd.19Ybo 15)Bs 1700 99.2 (4.2242.10)  (212.8+8.1) (17.6+1.2) (Hyl) [34]
(Yo.22Lag.20Ndq.19Smg 2:Gdo.17)Bs 1700 99.2 (4.62£2.50)  (216.6£7.2) (17.0+1.4) (Hyl) [34]
(Yo21Lag,17Ndg 18Sm 2 Tb 23)Bs 1700 98.5 (5.05£2.83)  (246.7+9.2) (16.8+0.70 (Hy1) [34]
(Lag,15Pro21Ndg 10Smy 21 Tbg21)Bs 1700 99.0 (3.48+2.56)  (190.1%7.3) (17.6 £ 0.80 (Hy1) [34]
CrB, 1800 94.8 (14.5+0.7) (Hy0.2) [17]
NbB, 1900 97.7 (539+8) (4.0+0.6)° (20.25+1.69) (Hv0.1)  [80]
TaB, 2000 94.8 (5.61£0.17)° (17.5+0.8) (Hv0.2) [81]
HfB, 2000 95.6 (623+76) (4.07£0.17)* (17.8+0.5) (HvyS) [82]
7B, 2200 99.8 489 (3.5£0.3)° (15.3+1.3) (Hv1) [83]
TiB, 1800 96.1 (4.64+0.45)° (28.6+0.53) (Hy5) [84]

* Evans indentation method®; °: Anstis methodology™®®; ¢: Four-point bending.

3.1 ME SRR B N2 il 1(Tio 2Zro 2Nbo 2 Tag ;Moo 2)Ba =5 6 it i XS 5 JEE
o AT RAR PR TR S U B TS AR, (R SERRES R I A W M e A, W Sk 7o v e T ) i
FEERTREWWKEEE, MR ERENL  EEE&TRENTERIEROLE 7), HR 15
IV @ AECE, 0 Gild 2E 2000 CHAET LIRS R I AL A R I R R A
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Table 3 Thermal diffusivity (¢) and thermal conductivity
() of boride high-entropy ceramics

Composition a/(mm*s™")  k/(W-m "K™') Reference
(Tlozzroszoszoz Ta()_z)Bz 0.74 0.51 [63]
(Zro 2Hfp 2Nbg 2 Tag 2M09 2) B2 122 [66]

(Tio.zzr(]vsz(]vab()_zTao.z)B2 248 £5.1 [62]

(Ti(]vzzro,szo.zTa()_zMOO,z)Bz 152+3.5 [62]

(Tio2Zro sHfy 2 Tag ,Cr)B; 12.6+25 [62]
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