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Abstract. High-entropy ceramic materials ( HECs) can be generally described as the multi-principal solid solutions
formed by five or more ceramic components. Recent years, HECs have attracted tremendous attention due to their surprising
“high-entropy effect” and fascinating properties. With the family of high-entropy ceramics extending from ( MgNiCoCuZn) O
in rock-salt structure to fluorite-structure oxides, perovskite-structure oxides, and spinel-structure oxides, as well as
borides, carbides and silicides, a series of unique properties of high-entropy ceramics related to mechanics, electronics and
magnetics have been reported. In this paper, we review the recent development of entropy ceramics, and summarize their
structural characteristics, preparation methods, and various properties. In addition, the future trends and prospects of high-

entropy ceramics are proposed.
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Fig.2 XRD patterns of a series of composition after removing any components from the parent composition ( asterisks identify peaks from rocksalt

while hearts identify peaks from other crystal structures) (a); Calculated configurational entropy in an N-component solid solutions as a

function of mol% of the N component (b) ; Partial phase diagrams showing the transition temperature to single phase as a function of com-

position in the vicinity of the equimolar composition where maximum configurational entropy is expected (c¢~g) "
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Table 1 Mechanical properties of high-entropy boride ceramics

Composition Sintering temperature/°C. Relative density/% Toughness /(MPa + m"?)  Hardness/GPa Ref.
(Tig,Zrg,Nbg,Hfy,Tay,) B, 2000 92.4 — 17.5£1.2 (HV~1) [13]
(TigpZrg, Moy, H ,Tag ) B, 2000 92.4 — 19.121.8 (HV~1) [13]
(Tig,Zrg,Nby, Mo, Hf,) B, 2000 92.3 — 21.9+1.7 (HV~1) [13]
(Tig,Nby, Moy, Hfy,Tay, ) B, 2000 92.2 — 22.5+1.7 (HV~1) [13]
(Tig,Nby,Zrg, Moy, Tag ) B, 2000 92.1 — 23.7+1.7 (HV~1) [13]
(Tig,CropZr, Hfy,Tag,) B, 2000 92.2 — 19.942.6 (HV~1) [13]
(Tig,CropZrg, Hfy,Tag,) B, 2000 99.2 — 28.3+1.6 (HV0.2) [60]
(Tig,Zrg,Nby, Moy, Hf,) B, 2000 97.7 — 26.3+0.7 (HV0.2) [60]
(Tig.,Nbg, Mog , H, Tay , ) B, 2000 96.3 — 25.9+1.1 (HV0.2) [60]
(Tig,Zrg,Nbg, Hf,Tag,) B, 2000 98.1 4.06+0.35 21.7+1.1 (HV0.2) [61]
(Tig,Zrg,Nby, Moy, Hf,,) B, 2000 98.5 3.64+0.36 26.3+1.8 (HV0.2) [61]
(Tig,Nbg,Mog, Hfy;Tay,) B, 2000 96 4.47+0.40 27.0 0.4 (HV0.2) [61]
(Tig2Zrg,Nbg, Hf,Tag,) By 2000 94.4 2.83+0.15 25.6+0.8 (HV0.2) [62]
(Tig,Zrg,Nbg,Hf,Tay,) B, 2050 97.9 — 26.8+1.8 (HV0.2) [62]
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ANTRIR Z A i (B B (B SE AR 0 4 20 ~ 30 GPa Z[H], W%
FIEFE 2.8 ~4 MPa - m"2 Z 0], 5 5020 o0 B9 0 1k 4 B 2
A 0T A A o 0 T 0 B T DAAE AR R R AT 2
PEREAYIRIET, S8 8 4l Aok PR e g k| B A
Ao AL, PR Ay fE R Sl WS kAL, A
[F] SCHk i (T RE s Al 220K, (AZEMIRI 5T, &
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TR
3.3 Sl

T R R AL B B E 5 H R R A A i U AR
IVB, VB Wb ALYy [ A ik e i 4y oA S B 454
HE5Mey—re, HARE A IR aE RAR i 45
AR TS Rl 2 A R . 2R A B N B — A A
T, A R RER K b i T iR AR B R
3.3.1 BB HEGLEN

2018 4F-, Castle %5 P Sl 45 W4l 1 % B 10
(TiZrHfTa) C K ( ZxNbHITa) C PU£H JCh AL 9y ) %, Al
KPS B 1Y (TiZeHITa) C 7E3 20 K @ B AR
AJ45K, T ( ZeNbHITa) C ARG ENAR 5, B, fbfi]iE
1 LI HOH AT ST (EBSD) £ AR DL K Cs-STEM 5 AR AiE
ST (ZeNbHfTa) C AF 5 7 SOW 2 1 _E 4L a2, HoAEJE

TRHIEEA B AT (B 4), HAPTSE A 2
(SEE SR

JETRREIE A 0 I, R R A T S ) —
AN ICHERY AR, RS RN 22 S R LATE — i R R b T
SR T LB BCAH 9 B HZ, 3T Mo, WK
FRARPI LA LB, R T b A2 BN — R DA Kl
Sarker 2% B HY T — A~ B AL ALK 1T 550 B 8
(EFA) , JHTFT00 2 oot (e /2 15 nl LU 180 AH 1 [ 3%
K, EFA (EBCRA S I IR EER . MATH5 1 56 Fh
JURERRALY), IFE T 9 B, R BLSLER AR Y
PSRN A — S, WA TSI ], X £
TEBRALPI AT R A % 38 3, Harrington %5 B 5¢
T B AL W AR RRUE T, TVB A B 1L (Mo, C il
W,C) IFARAEREEH, 1 W Bl Mo AR IR EAA7E T
AT A v, BRIV 2R 005 B 38 0 RT LA oo AR R
BRGFEREA W F Mo F, W24 7040, RIVAG B
ARVIMEZFaE, HAh, AT (V,, Nby, Moy, Ta, ,-
W, ,) CEITTLARREAFAE, BITELLIR R b, W2 DU IRl
AR CIEAE) AR AR E R, LT AT 1A i 42 2 40 72
SERAY, HEMEHIE T E RSt — L0,

&4 (ZrNbHfTa)C {52 [011]J7 ¥ STEM-HAADF F - LA AR (19 EDS 8 4 (63
Fig. 4 STEM-HAADF micrograph of (ZrNbHfTa) C along the [ 011] zone axis (Fm-3m) and indicated atomically resolved EDS

maps showing mostly random distribution of constituent elements

3.3.2 BB LG R &

S b A, Ak b R e g AR IR Mk, T
TGS TR R TN AR Y, A Al Tt
ERIBETE K2 HER AR ik Wk i, BRI
T A O R L T3 1 30) v 05 B 3k e i TR B Y 1) 5 125 A
Pk, HRDB R A e Bt 2, Bt LA 2
AL, Yan 0 4E 2000 °C il 4 B (Tiy , Zr, ,-
Nb, ,Hf, , Ta,, ) C B & H A 93% WA %% B, #E AT #
AR 2100 °C RIS RNAY (Tig 05 Vs 21, 05 Nby o5 ) C F 4
HA 95, 19%BAHXS B EE BRI, o8 Y 5 JO o F) AR 2

[63]

FRIRIBR AT (RN BES ) UM EE

Feng %5 R B BGA IR 2 Fhod I% 4 s Ak ik, B
LIS T (T, ,Nb, ,Zr, , H, , Ta, ,) C 3, HEAELHY
A (RN 0.2%) LA B B4R ) ik RF (550 nm) ,
BAAXTRERN TIERRIE, HW LB, &5
PN S AR e 25 0

ARAE 2k 7 A A7 R T R Ak R
TCRNBeZ | AR R4 5 3 R TR] A be gl 5K
YR RAS AR By ( TiZeNbTaW ) C B, i TR R & &
SRS, R A R BV AR A (4R R X AR
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H HIT B A © 9 A A0 e ik Mk B A 45 K T 2% 41
JCV- BB R RE L 5 MR B DLRAR T T A ST i A
R, Sarker Z"E T 6 Fh A [ R AR RR Ak 4y ) S A A
FRERE, IR T & A ITh M, X AT RER i T s
HITCFPE . BAR R . AP I AR B R — A 2 B Y
FELTT BT, DLAS Y TRAS SZ AT An] S S sl o3/, i e
PP AR S TiX — G, AR B 1 7k
TRER ISR S A, AW b 3R B A A e A Y
P22 TRy, deAh, o5 — S ] AR 2 A 5
b, BIVERAR A8 X7 585 2l 7 A T BELAS B0 R B R
FeAE T BAE . Harrington 2O 10y S I A7 ) SERE
BATTEA Sy v e A W s 3 2 Pk R 1) i 1o AN A5 [ 9

oA e, 5 32 [ R 2% o S5 A0 5% i 1 A5 T2 ) 2 0L
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FRGEALT 5 PRI CHRAL Y 1A, IS H PR
() NbC HHA G HRIZT 75 10 T Ak P 3 5 2R 11 BT ik
WK, HEEAFHIELTHE T, B F&LHE—E
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AR T RBEHL 5 A1 FCC 13F Saa% , i B B 23 LA
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Table 2 Mechanical properties of high-entropy carbide ceramics

Composiion ot oGP /(b MR Rt

(Nbyg 55Zr o5 Hfg 55 Tag 55 ) C 2300 99 598+15 — 36.1+1.6 (Nano) [14]
(Vo2 Nbgy,Mog,Tay, W ,)C 2200 — 53332 — 27+3 (Nano) [18]
(Tig,Zry,Nby,Hfy , Tag, ) C 2200 — 443240 — 32+2 (Nano) [18]
(Tip, Vo Nbg, Hfg,Tag,) € 2200 — 503440 — 29+3 (Nano) [18]
(Tig,Nbg , Hfy ,Tag , W, ) C 2200 — 48324 — 3122 (Nano) [18]
(Tig, Vo Nby,Tag, Wy ,) € 2200 — 485+36 — 28+2 (Nano) [18]
(TigsZrg, Hfy,Tag, W, ) C 2200 — 473+26 — 33+2 (Nano) [18]
(Tig 221, Nbg , Hf , Tag ,) C 2000 93 479 — 15 (HV1) [65]
(Tig 221, Nbg , Hfj , Tag ,) C 2200 — 44340 — 32+2 (Nano) [64]
(Tip, Voo Nby,Hfg,Tag,) C 2200 — 503+30 — 29:+3 (Nano) [64]
(Tig, Vo Nby,Tag, Wy ,) € 2200 — 485+36 — 28+2 (Nano) [64]
(Tig,Zrg, Hiy , Tag , Wy, ) C 2200 — 473126 — 33+2 (Nano) [64]
(Tig,Nbg,Hfg,Tag, Wo,) C 2200 — 48324 — 3142 (Nano) [64]
(V2 Nbg, Moy, Tag, Wo,) C 2200 — 533232 — 27+3 (Nano) [64]
(Tig2Nbg,Mog , Hf; Tag, ) € 2200 — 481+37 — 27+3 (Nano) [64]
TiN, 3/ VC/NbC/TaC/Mo, C 1600 — 519.2+28.8 ~1.5 28.0£2.4 (Nano)  [68]
TiN, 3/ VC/NbC/TiC/TaC/Mo, C/WC 1600 — 554.9+28.3 ~5 28.0+1.6 (Nano)  [68]
(Tig.25 V2528025 Nbg 25 ) € 2100 95.1 460.4x19.3 4.740.5 312313)%5 ((1:&?;’)) [19]
(Tig,Nby ,Zrg , Hfy , Tag ;) C 1800 95.3 514-522 3.0£0.2 40.6£0.6 (Nano) - o

18.8+0.4 (HV1)
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