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WE: 5 sk (high-entropy carbide, HEC) HHE EZW N FE L F 5 FHw g, BI Y
RN E- TR, FER AT ERBE M A AR R . AT, EEE B R
TEEPRBRELET, AU EWENEG DS A FHMNMEZ ZRHE AR, Wik, ETEHEMN
8251 %, L (Zr, ,HE, ,Ti, ,Nb, ,Ta, ,)C A #F R X %, FF & T i [001]. [011]F [111] 3 N A &
W EFHEREURBBEWMBL>FHAFHEN ., NEdEShBEEEAE, RAMBTT LETH
BT Y I E M ERFRETHEARERINA . AERIA, NS ETLLENE B H
B EXRETHEM BN ERAEFTR BBRREXRZARRAERER., RBEEL A5
BB ELARENT LB T A Ban B RA RS TR, Ra T AN AREGE ) T REYE, L7
HTLSBBRMEHE, EH T EHEmEWmET A Zn WELT R, F-—MHEEITHELER
ER, BGRBEADTNR AN REREA LT ELER NI EE K, B, £EHTAE P,
BRTFTEGRREREYE, BRREMHASE T H R

KBRS E 4 AR 4 A W R B A R S AL

& 4 25 0347; 0521.2; 0369 XEkFRERS: A

o 45 )@ B AL W) (transition metal carbides, TMCs) P&, 41 TiC., ZrC 45, [F g i it il B ( i G A i
HOHE L 20 GPa) AL 5 A9 #ER 8 PR (5 55038 5 = T 3 000 °C), FE SBT3 . s i R 3 b LU R e &
G0 M i BT T R I AN W R AR B R R (T SR, B SR Rk B TR () 5 A /B A R A R T
LR iR R R R ) RS PR A (R B, S BT A A R RE A BR i A R, AR =R 2
e il XE DA GE o VAR T A SRR AR £, DN T &) e A MEPE R IR A, B b ) A 2 1 Wy R4 )
U R T AR 2 2% N ) IR EE T I, AR ) R A R e il OB v R AR AR e R SR R R A
TMCs" FEM S 28 a1 T 2 5 & 24 a0 i i 2 5 87 U) Jay Bl Ak, I 3 e Ak Ay 9 xE P i i v b 24, HL e = T
RS Y S AR T AL A 40 il 451 0 R A

SEBR b, G ] S B R R HE B — R P R AR ST AR AR R A B B R R S, IS AT
Bl GE T S A BT T AT T KB R, il A SoRL 4 0 . BREG 2RI (InZs 7 . 4% . 248 . FLTASE R %,
o b4 BHE R B A R B, A — 8 R LR T IR AR TR R . flan, ZEAEF AR A A AR v g | A R %
i B El R S A, FTA R AL A IE A 51288 . I R 4 (flash sintering) i %5 19 TiO, 7E 200~400 °C
T DX ] R B DA GOK 25 5 28 0 3 A S AR TR LI, Zhang 48 ™ R T — R H AT TeAg BT A9 AL
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FEACRE (Si;N,) W e, J0 i oA 5L w4k i B DI S B T B AL RE B & i S 280 o BF9Ead R BI, &
JRIERIB AN JRAEAE S SR v 5 A AL TUAE 0 5 25 DD AE OGP, Sl £ SITio, h ol A AR 2 %, n]
DALZE 380 9 255 10 Jmy R B P o SR, ok o 3 << 0 ) 7 At o5 e A R BB P 1) O AUME LD 95 7Kk, — BT
BB RE R, AORE R TC R Ak 2 re AR SR AE . Dong AR U — A5 38 i i B0 A 4 s /P A 5
AR SRS, A 4 T RH O 00 B RE A% U IS AS T b 3 ek B AR AR A, kSR TR R N BRI T
P, WEFETE T B p R A A et . oAb, G I TR B B AR ST 2 ) 254, O A4 SR = 4k LB Y
ANOK AL J , o AT A B B A 2 S R R T B R] 12 3k SO AR A R 4 SR S A B TR 0 B B AR R Y
FUE: T T A EAT T AN B S, ARV T I T DG SRR AR B0 e DRGS0 1 ) SR W 1140 X P DR, AU AR
R S B S AR 8 P R OV AL 1 (T 288 R ) 8 5 B L TR 45 4 ), M AR S 5 I AR R B RHY
) X BB R, O S g N R L A A DG B RS A 3 RORG  1 T2 RA, ME R T AT R BR T
SEH A, ME LRI A5 O EL b < T B b R s 22 A v S R R AR R B, AR L
R v PRI T SRRSO P 5 2R M RE v R WA, ot AR DG A s 0 v ) N FH T A2 SRR
TEMCTT 5T, e B B AR B X6 1 22 2 ek A BHAR R, RO S 9 D0 22 e Re | kT 2 R .
HBT B EORIE T s i A a1, i e B2l oy AR R L 5 FhE L b SR BE R LU iy & TR T R, TR K
R B ETIAREE M . DA, 2R IR Rl B 5 S 28Uy 4 AN, RIS 800 . A A% i 2 | IR
T A S X R RN o IR 2 A R, X R £ 32 0 BEAIL I V8 1A T 3 2ok £ i AL AL AS cone BRI
AR S A M AEAG (AG = AHpix — TAS conts AH i HIRG R, T RIREE) , NTTE—ERERE BP9 K 7 4
Fa s X [a] JF 42 T e il ARG e PN B — 2P M, XRS5 AR IT R ROT 22 R Sl & 3 5
4 J8 -k (TM-C) # 1 BEAC 5 B iR B A 25 ] b 52 AN I8 &) 531, 3T AR Y &) 30k 37 5 Ry Sl A2, ol
PRGN 2 St 4 4n | 258 AR B 0 25 ph B — R AR 8 O 23 TR) B 00 A o DAL, A 5t i ik
N 27172
s@m@%ﬁﬂwa:[%z(”;’) ] Cr AR TR A 0 X5 TM-C IO 7 T B, N o 42 it
E@%@%&)ﬂéﬁii%ﬁ%ﬁﬁié MATE AR R, JF it — Pl H S BB S 2 0B L8R ikl
R Z [ OCHR, B 6 iR, FBH TM-C S 73 A1 808 | Jay duld 0 28 377800 |t 6 W 28 0 8 25 B =z, O B
U BRAR A o TR I B T, IR S R T Y AR RN I n] BB IF A X T AR G B 1 AR IR S AR REAIL
il o WFFE R B, e i A8 A ) B v RE A% AR A R R T I AL S (290 10° mm ), L% AL S Ak
YW B 3 AN B, AR T 24 R 4R = 2 70%S . A, R B v ) £k 2 T A i R R
R TE L R WA Sy RE RS A F e e 1) R 20 SR O, SRR BE TR (Y I IE DA T B e A R R E PR
BB R, TR IR R 4 KOV AL EAVE TR, Al 51 AN 13 | (e 2 R34 L
KGR B A, 7RO B 8 v o B -5 PR P Y [R] B, W R JB00S 22 3 oW A8 JE AL, 52 B0 9 M FE e
5 Ry R AR AT R0, AT Ay S 8 B e AR U A 8 10 i 5 ) e e LA S IOt ) R a4 1 1 R i
AWK, Ti, Zr, HE, Ta %550 0 48 TR 7P AR E 1Y . BAE R 4540 (B1) 1y & g g1,
It H it 27038 5 R 1 5 i At as e A2 AN i R A5 R Fa P, DL (Zr, ,Hf, ,Ti, ,Nby ,Ta, ,)C S AR 1Y 5 i i
1k (high-entropy carbide, HEC) {3 & T IVB & (Ti. Zr. Hf) f1 VB J%& (Ta. Nb) i ¥ & @ T %, B H &
FRORE 2 | I S (0 AR M LA R AR PERE R, e i Ak W SR M A R 2 — B2 (B R AR 2, ]
EAFEE R TMC(A1IVB J5 /9 ZrC 1V B Ji% TaC) ¥ BA M PIR &L 454, (HH G m ot R d 7 HuE
WS HORIR], B 1 AN B | 2 SH R 4 SH 0 LU A9, S 1117 0 35 5 el T % R T 5 At s Bl A 0
PEAT o fltn, VB e A4 (a0 ZeC) BAT B0 i J7 1w P A i, o (07 58532 sl il 528 O TR A RE 42, T
B Z O AN RO, 2898 DL <110> {110} 78 B8 O 325 T VB Bk AL 4 (40 TaC) DA 4 Js 82 LE 491148 i, 432 55 4%
OGP, I EA LSS AL A8 77, 22 T8 LL<110> {111} 8 =240 Gk 4 5e 3 K 9,
T T B AL ) (HE-Ta-Zr-Nb)C 14 it JIR 55 J3 R 2 R0 08 J3 1 (. 35 i 1 L SR 4 STk A6 ) (HEC Fl TaC), HLUA
<110>{110} ¥ # R Ny 32, [F] AT PR 355 5 2 P de A A9 B2 ST AL ) TaC ARG BB ASIERE 1 . & T
11, 24 (Zr, 1, , Tiy ,Nby ,Tay ,)C {5 AN [l i 1] I 2T, H 22 3 0 W [ 54 < X0 2 9 280 07 75 2 [) IR 3300 22
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H% 2, WIS 55 U1 Ry s AL FSAPERERE I 45 7 JE %% 17 PR PEIE (density functional theory, DFT) g AfF5Y 1>
F& 1, XFT BS540 i U 4 Jm Ak Ak 0, 1R 2R B L ES0BR R ik S 0B BURB AEAT RIS, JF HAE & 4 8 A1
T, JUT R 0 B B AL &R ) T ik 2s 67 . SR, #E (Zry,HE, ,Tiy ,Nb, , Ta, ,)C B 422 EICik Z
1A ZR 0 23 TR B BE RO SR AT 32 3] it A W A8 DA KAk 27 TG e 1 4 22 JE s ), L -3 A DL SR PR AR TR AR
KAGGRZ RGVEINR . IS, BT 4548 5 B2 A 7 1Y st HE AT (8 LA A [R] b o] T e 20 1 I8 25 19 590 90 45 o)
SR Rk, NSRS ) &, RGBT 2 A ou5| A G X5 ik k9 (high-entropy carbide, HEC) [
SAVEASTE RE 1 B PN 3 v FA) T Ak Y 2 i, %o 2L e L 3 P [T ML) LA E A S

JRUAE R W s L R R AR 2 S R B 5 RS, (H A Y 32 AR TR R A B AR T A
Bl PR RAERY J7 T, A4 R RS20 4 g R O SR E RS A b ne k. MERZ TR, X
T L v R i AR R AE B A AT A R I 2 i BB PR AR TR AL R AR A = RAEME R . H IR
) 1o 5 e A 00 A R i Al A5 P v e B KA I s O B0, RN S AR A [ 28k B A R g T 7
T 32 N YR AR T LB, R 56 i 1 T B B S AR i AR T A R R S M i B - v o
JE T DB AR ) R, % v i B 5 17%) T 07 FH B A o 2 e R SORN S B

FETF I, AR TAER B 0 200 &k B TR #6E 6 4L (deep potential, DP) P8, X i 7Y =5 4k i b )
(Zr,,Hf, , Ti ,Nb, ,Ta, ,)C 7 [001]. (01115 [111] 3 A b T L 00 o S5 00 200 R ARH B 28 7 27w B 338 47 R 42
WG — 7 TH, 8 AR N 2, SRS AR A% G o ach A v ) ZI0E T A B ek i 45 ) i A 7 R I AR A R X
AL BB AR T (8 52 i, DATTTT P A v 05 80 0 0T Bl A ) AR I T 2747 Ry R D, B 45 T % 3R I S | ke 5
BLRTE W5 Ak, DA ST ke 00 R 2 i B A o FR A O — T, 38 Ak ) B o SR R 4 S R n 2
2 R EAMRERVER B AR, 87 TETC W] R IS5 H S AR T 254 2 B TO0T, s 80 %o oW pIL i it
A AR M AR A 25 S A ), DA R VA e 5 15 7 2 ik B <5 190 o8 O T ) B AR B AR .

1 MRFE

TEMCHT W58 o, T R SR — 1k S B R, R DeePMD-kit #0031 #4738 I T4 ik
(Zr,,Hf, ,Ti, ,Nb, ,Ta,,)C 7 F& i 1 3 FBl P9 (300~ 5 000 K, 0~200 GPa) Y HL#S 2 X #v ik ek 8, I RSB IE
T HAE R A = KRR AR 4 b o e R R R 2 A T AR T Y T SR RS AR 9 R S % DP AP KR
/7 21 7 (molecular dynamics, MD) #5477 15, R GuiE 5% i i Ak ¥y B & (Zr, HE, , Ti, ,Nb, , Ta, ,)C 1EHESFE
05 . 205 R R 40 2 PR AR A N A BB AR TRAT . AR 2 0TS AR AR AR 5 4k 2% T X 9
PEARTE 1 52 0, AR A58 38 BE B T IVB Ji% TiC F1' VB ji% NbC 2 L1 B4 7 TMC, >R ] MEAM #4823 Fg
Y5 (Zr,,Hf, ,Tiy ;Nby , Tay,)C 58 2 A A (RN T 00 F IF X e #r . B AT MD #4813 9% F LAMMPS®Y
FEIFSCI . A, R ASE /R SRR AL 3 ik 25 067 BT B S T AR A TR, 25 A 50— M R BRI T3, R TEAS
T 405 TMCs(TiC, ZrC, HfC, TaC HI NbC) K H = i1k & (Zr,,Hf, ,Ti,,Nb, ,Ta,,)C H7S {i JE BURE o
FIA S — PR RS A B T VASPEY B 58 B, B AL i v 14 J - 45 4 e Ak 5 A8 TR 45 SR R A OVITOP®
BAFEAT O] BRAL RN A2 B 5T o
1.1 EFHEERUEES RN

TMC B %38 5 B AT NaCl BUA 3R 254, BV 4 J& J5 7 Ak B 1 43 S48 A 2 20 B %8 (1) 11 0 377 (face-
centered cubic, FCC) F it , 4 J@ I 7 i 96 4 J& 7 Wi As A% A5, B S5 7 o 415 L 430 /T R [ Bt , DA T B
WAL B1 454 . PIL, AT 7E TMC 4540 09 4 8 7 fhis LB HLLL Ti, Zr, Hf, Ta. Nb £k, 4
(Zr,,Hf, ,Tiy ,Nb, , Ta, ,)C A7, M KBS AT 58 2 A4k 22 T, 1 42 )8 51 i R R, o ik R 51
AT A% WA A B v i 350

2 RO ) fb 1) ROk Y 45 ) Sk, ARG A BIR EET 3 RO R 7 ) N AR AR . BT, WY
z SN ER T, S AA A 3 ZE B AR R, S R Y 1 B R - 2-[001], x-[100]. y-[010]. z-[011] . x-[111],
y-[211], z-[111], x-[211] y-[011].
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HESFI R AR BT SR H K 2078 19 nm (57 T B, (R R A5 29 5.6<10° AR, ¥ 2 J7 1) LATE 2 v 28
R, LB AR S N2k . B BEREAR LA 0.75, IR R TE 2 07 ] 19 RSH A8 o iR 8 1 75%,
FH Y Tt In—25% (9 AR R AR, B ] 25K R 0.002 ps. JiNER 12 500 25, XF R i N A8 K ¢4 10 s AE
WE IR HT, Jo R A SRR 55 R (NPT) REGAEE RS 0T KA T XA R AT 78505015, LAIEBR IR 5% 4
N JT o e B R, X AU SRR AE B RN T O AR B T BT, AR AR DL 4 A
RS IS . P, 7E ISP B, ¥ REEUI R OE N (NVE) R 2%, iR R 5585 e hg it
A AR R GE, DT PR UE DN 800 F8 v SR8 fE SFAE, JF3E S NPT 2R 25 0 BE RN 7 RS 1 o0 351 il o
P T A o 28 5 AR AR T 1 S 5 U AL, A EL T U SR N 2 S B TR AE 2 N3 Ty 1) %
B AT 2 A T DA 2 R 40 I m AR 4, D, B x Ly B RST 2958 14 nm, WY 2 5 ) OINE&5
16]) B EE 24 82 nm, AR R AL E L 1.3x10° 5T, [FIAER FH NVE ZR 25, BCE IR P K 0.001 ps.
FE AR bR 6 € gk, ROV z b 8 I o JC PR K Y s 40005 2, R[] T A op o 4 1) 48 np it
R S AR AIF 5k 4 ] T 2 R B A () 21 B o SE BRI N # . AE 10 ps A9 ik A [E] YA
0 km/s Ze P38 N2 H AR BE 2 ks PRI, N2 ST 1] fge DA B2 H PR3 BE viarger 2[R PR E T IR A Fo

Vo Virget
c” Ctse
At C Ry s o, v, AR TR XoF I ) Y AR R R

T ZLoR H 0 2, 7EIE SO ZRAT, 2 MBI TR NPT RZEAEE IR 300 K N 74504, & x.
V. z 7 1)k JE I 3 B 4 (periodic boundary ) , F A 08 5t 75 Jim T B 45 F4 58 4% W 7, BE & /iR B - (] il 2k
WS FESERIG, 4 z INERT5 ] B30 S 45 A8 A W4 i1 5+ (shrinkable boundary ) o
1.2 REMNFEKREITE

K S — PR R B R G54 T TMCs(TiC., ZrC., HfC, TaC. NbC) % (Zr,,Hf, ,Ti,,Nb,,Ta, ,)C
s LG RE o AT 1A R 349 0 5 R 2540 (Fm3m) | ¥ x-[100]. p-[010] F1 z-[001] & [ #) EE 2x2x4 (1) % K1
AL, A 128 DR X T A Ak, BT AR G5 R B R BR VR RN A 3 1 A0, Ak T A
1) TUAR] PR35 Rk 2 PR3 58 A A, DRIt 6 A e 25 o7 R B A TR0 s, 4S5 DA R I v S B A 2 — ik Jt
RIWAT . W%t T HEC, o4 J@ W A% S 07 B 5 b4 Ja I B AL b7 48, 3R 5k 35 %) £ 2% TG 1 (i B A ik 67 05
b 04 SR TR AL S TN R B . R MERRITAS HEC (8 23 7 B BURE,, AKBF 98 1 28 A2 i 24 AR R BE HL
& @ JE - HEAR B0 46 A 7Y 5 B IS AE RS R0 U 44 AU i R B AN R R IR B 0 R T R AT B B, M A —
ROV AL GRBEAS Y 4 A5 B A 25 A7 B RE LAF- S B s bR v 12 25 (R 2588 ) B R s . XA T
DA ROEE G T RIS R BR R A A S 3 i 22, B AR T B 45 R et T Sk o 56— PR R B SR
GGA-PBE( generalized gradient approximation-Perdew-Burke-Ernzerhof) 3¢ # - JCBX fiE, 25 & #0528k
(projector augmented wave, PAW) Jiff 3, V- 17 Ji S W7 HE 52— B M 900 eV 17 HL K X R A% i 1] Monkhorst-
Pack 4%, k s [BIBE 2R 0.15 At T AT 56 55 Rl B 88 I 34 647 78 20 i JL AT st B8, 76 F 25 M W 83U 3k
PR R 0 B RE &, 8 BT 5 2 6 T8 A RE -

FE & B (C-rich) B 2440 T, B2 0B iR ] i R =iH4A

E{TN = Ep — Ey + i (2)
K Ep o & SR FA 0 ML S e i, B BAR A BB i, X WA B S HIRE T ikfbe . EF &
J& (TM-rich) & &L T, i3 0B B RE 7] 3R hy

(M

EMTN = B — Ey + ul + AH; (TMC) 3)
Xt F 52 43 TMCs, HAE iU AH(TMCO) 1] DL 3R 7R 4
AH; (TMC) = E\ g (TMC) = BiniftSg — et 4)

o Evga (TMC) 2 A7 nan 1482 8 I e A Bk I 1~ ) Bk A 00 o L BE A, D 0T O i 90 46 TR B T Y
S
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2 FRE5R

TERRALY b, th 22 20 Y B2 A B A IR R 2 5 LA B3 B0 s A2 DL R A A 0, R,
B R R A SR P 5 G R AR TR, B m AR A P ) M — C S EL SR L M e R
S HAT WY A 5 ) P, S BRAT Y D0 B DR O B R AL RESE T S A AN TR 1) R
R E 225 o YIRS 5 A B R SO A2 37 5 AR it PR 4% 1) S5 PR AR ELRR 5 I, e A e A 0 A AN T
TR ) B g 2 i RO D) — A5 2 B R A 2 A A% e SRk . B 1(a) S T 3 RS 1R ([001],
[OVTIRI [1117) 3047 o S5 4 6 4 4K A5 0 17 - I 28 il 2k, W ARt 3 4% HIT 2% 1 e 1 568 1 LA K 28 T iE O 3
R 22 5% o [ 1(b) X 3 A B 1] 4 i R 17 g 5 R ) 02 A8 HEAT T e T [001] 5 [i] 4 168 {EL 17
3 8 ey, AELXGH RV PRy 06 197 2 e /05 [0 1 £ EE (00 7 Wi AR 7[00 1] Tl 40 38 39 4 5 DR 14y T 1 44 7 2 5
(1117 T 1) F9 04 {7 3 e AR, AE FE 04 {7 A2 47385 T [001] J5 1), 4b TR Z 0] o B3R 45 R 3R, & Wi ik
P %) R0 (0107 78 7 A T it i S TR =5 P9 BB ) AR 7, 28 B D SHLARY 1% i - A48 5 3%

L (a) (b) [ Stress
200 | 7 Strain 1 0.20
— 0.[001] 2001
| —ou[01]
p 150 o] - 10.19
=¥
S S
100 - 8 10.18 &
% % 150
50 4 10.17
0 ) ) ) ) 100 7 % 2 116
0.05 0.10 0.15 0.20 0.25 [001] [o11] [111]
Strain Crystallographic direction
N 5
al © 2 5 <110>
L *- = t<110> 14
2 3t Tk
> AN 13 =<
4; N a
2 s 17
Q A
< 2+ N
: B
‘5 -~
St al 11
2

[100] [110] [111]
Crystallographic direction
Bl (a) [001], [01T1LAK [111] ShIEZEHESRINER T AR J1-Ri28 ek, (b) B 1(a) Hh 3 4%k BB R g Bkt B A A%,
(c) 3 A b i) 7 e o 73 B 280 BT T 7 149 48 B R BT E 1) FCC 254 ) (8 85 285 e A B 31 AR RS AT IR B
Fig. 1 (a) Stress-strain curves of the [001], [011], and [111] crystallographic directions under quasi-isentropic loading; (b) maximum

stress and the corresponding strains of the three curves in Fig.1(a); (c) dislocation density and root mean square displacement
histograms of the FCC structure of metal atoms at the moment of maximum stress for the three crystallographic directions

A BEAY F7 27 00 B 5 TS R v AL B AN 1] gy, B/ () #E—2E 801 T HEC 783K S (E N 10, 45 )8 5
F FCC T A& " AL 45 %8 B UL K JB - ) 34 7 #R v 8% (root mean square displacement, RMSD) . 7E#T [111]
m ) R 46 I, U058 31 e e WL 45 25 2, HL é<110>3ﬂﬁ%l§/‘3 o7 AR R, 2R W) HET L A RS R AR IR
6 N G WS o MR, A (0115 ) 2 0 05 A mT T 400 7 A%, {FLHLASE 4 23 B 0 A A%, 0 A L 3 1
AT I 56 4 O 1% S A 55 18 F , 1 T e A B 5 1 R BT AR AT R o 53— T T, RMSD A8 L
G (L B AR L, AN TR] b 1) 78 J5 O A% AN AR s AR TR HL A AE BT 09 225 5 [111] Sl ) RMSD f
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5 40 & FR PG RRRALY) (Zr, JHE, iy ,;Nbo Ty ) CTEMEAFAR-5 RHI T A S ORI 5 8 )

&K, 1 [001] & 171 A9 RMSD e o X B R 22 320 0T e A6 1% U L5 | o 3 3 A0 JR 3 A ks S AR, DA T 52
W AR AT o L W 7T AS 4 | (o 535 B K% RMSD 2525 SR T] UG ), AR AR AF 4% 1] S Pk 7E AR KR
FE L g T AN TR 1) P 400 B A M ) R R RT AR 3 4 1V T3 K, I 22 FE 0B A B R SR R AR 3 R Ak 2 TG
J D) AT R 5 0 A AR A5 1) S P AR DR A DT B R X s 25 5 L 3R T B IR DR, AR 5T e BT [001].
[OTTIAN [111] 3 A7 37 7 i 28 rf LA R 3 A e 80 1 6 R BB 1) F J R 5 40, ARG A A W0 A s i
W I g 08580 17 6 S TR A 4 B ) 1y ELAA VR FH O =X
2.1 [001] REERZETHBEBEHETS Bain RS RIREN

&l 2(a) 7R T (Zr,,Hf, ,Ti, ,Nb,,Ta, ,)C. NbC FI TiC # 7 300 K 5B T, AL 4546 il B e 1942 1) 43
1 #% %% (radial distribution function, RDF), A it — G i R EIR S 2 i, s A B4 1 T #E 0 K T[4 RDF
Xt g5 5. T LAE #, HEC ) RDF 5% 1 We(E B B AIK T 2 Fp 2l Soaikfb i, 565 2 -0 1) 04 0% 2 AR ]
BRLHEE . HE—EXT 5 1 W (E B Ho 2P 14 58 (full width at half maximum, FWHM) #E47 483, W& 2(b) Frw,
AL & B HEC ) FWHM B 38 K . FWHM 1 4 6 AE A RSO0 25 44 T e 72 B2 110 3 22 S ), g 2%
4K W] HEC S5 3 408 T (7 4 355 LA T 58 1) Jay 3ok G e R R A IR o 33— R AF 5 o i o g v 53 A7
B < Jmy 3ok N2 AR 7K ARV A, B2 TR 51 A A 2 ROBERE LI AL, 75 B0 A7 LA B 4318, MR iR 2
KRE, HAHRBOEWETH R FREIIR(EE 18T 1Ak ) BT 4 81 FCC Bravais £

10 0.20
HEC (a) [Peak ]
— NbC 8 FZJFWHM
8t . 777 ]
—TiC 1015
or 5 ° 7 <
5 S 1 q0.10
"4y 4t =
L 5
2+ 7R
0
1 1 1 0 g 0
1.5 2.0 2.5 3.0 3.5 HEC NbC TiC
Distance/A
6
100 (d)
5 L
o 4t
=
E <
.g 9) 5L
& 2
& 2
1 L
1 1 1 1 1 0 L 1 1 1 1 1
0.12 0.14 0.16 0.18 0.20 0.22 0.12 0.14 0.16 0.18 0.20 0.22
Strain Strain

Kl 2 (a) HEC. NbC Hl TiC S5-I AR 15347 BREL, (b) 3 FIAPRIZE R 2(a) HRAIEH LIS P 2258, (o) 3 Fhb R}
TE G RE AW, (060 5 4 i JR T A G54 oA [ R T 4548 i 5 LL (IR R AR G R IR, (d) HEC
C. Ti, Nb J&FLL K NbC 1 C, Nb JRFH1 TiC i C. Ti J& T 44 5 iR R I H: 4 B2 sk
Fig. 2 (a) Radial distribution functions of HEC, NbC, and TiC after full relaxation; (b) peaks and full width at half maximum
(FWHM) of the three materials in Fig.2(a); (c) relationship curves of the proportions of different atomic structures
in the structures containing only metal atoms as a function of strain for the three materials under increasing
compression; (d) evolution of the RMSD with compressive strain for C, Ti, and Nb atoms in the HEC,
for C and Nb atoms in NbC, and for C and Ti atoms in TiC
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Az 14 07 AR DX ] B S S, R 2 0T R 0 Ak AR T REHE R T A5 M AR E M il R o X — A A
RMSD ) GE T4 F i A3 2 ik — 25 EDE (] 2(d)) » AT RAE B, Joig & C JiFiE /& Ti. Nb JiF, 78 HEC
() RMSD 34 75 I 25 5 44 X 8] P 3 800 58 Bl i 1) B T, @ 0 o i B 1) R 7 0 B R R Sk 25 # s HE . T
NbC Al TiC 1) RMSD W78 B I (4 W A8 T TF bRkt b T, 3 5 B % A 0 JRy s s ) AR R A X I, . 45 &
& 2(c) AT, 24 JE F kS FCC EHEZE 5 BCC 45 My A LAY #4 B I35 3 — 2 e il s, R R &1 AR
IR IRA, e R AR, BCC G54 o L iR B A, FCC A9 Y J 5T o 4l 3 S b o7, 1R B L B0 1) 3
9K 2y 7R W5 A5 45 R i 1 5 958 43 Tl IR R AE

T E R AR AE SIS RN S B BRASSE A EHEAT O, B 3(a) 45 1 T Y [001] b 1] 46 B HEC
FIBY R F1 (o) o R KR AR S TE 2 B30t oy A8 (R A 0 Z o b, A8 Ry AL S 0™ T R AE 41 )
PR S RUBE JRy 3k AR I (R AR 38 50 0, B LR
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1
M = \/ B+ EL+EL+ [(Ewim ) + (Evi— E2) + (B, — E.)| (6)

1 Eop(@,B € {x,y,2)) h Green-Lagrange A7 FR V285K & E 09705 o ™M BERS LUTERE A 728 i SR A AR
B4R B BT D AR 56 5, TR 8T U1 R AL A B AR S AL . TR RIS, md iT RLERAR O

1
vM vM
ave — N7 i (7
Me = 7 Zﬂ )

IR, 33X LY @ BB S 2t S5 W Jay 08 5 D10 07 A% 43 A 1) B HORR B2, R, SR WK 2 b 35 D) 8 TR B A v
TR, SR Al R Y o T, MR B AR A 5] MIEL 3(a) T LAFE B, TE 2w 1,
oI T, S5 AR B 34575 W [001] J7 10 40 22 W (E 5Y 1 ) Bk Z 010, oSt & L. B, 4850
738 T W, AR R IR T R SR T, BRI IR ) T R FN I S RP B o 4By N A I E )
AR T R AR B, I 38 B a5 R AH, XF 1 W ) 98 P Ry A o 3 3 T 454 43 BT (polyhedral
template matching, PTM) ™, [&] 3(b) JE/ T It #2 rh & J&@ + A% 25 /i 4k, 53 51060 b2 8] 3(a) K (A tric
19 4 OGN AR, ] DAL, X R ks AT N AR IR B e I I RTAEE & B, H FCC 45t 5+ 5
BCC 45t il A B8 3%, JFAR S A R MESR E HE b 72 . Y38 B 5 5 B 7 5, BCC 45 48 it~ %) Fb 91 B,
HJm a5 B4 %), #8441 FCC 4544 7% /b, [a] i 3 B/ & 19 “Other™ 5 44 I 7~ O €4 )50 ), BISE¥: T
VUM Y R TS5 o S, B BTN g DI T R R, AR 2> BCC S5 A8 7R 5 I ) B S R A2 F)
FCC 4549, (B iy T R 4l b A= I ZUAZ T , «Other” I 7 8CRp 20 N . f 26, BCC Z549 7~ JL-F- 58 2K 52
#| FCC 454, BB T 2 4%t “Other” J5L 7~ 20 Y K (4 2571 X3, X T HEC X — MR TR, 8 3(c)
5 TR I A8 % AR TS Y B A 2 5 T 3(d) R AR T B WA KT 0.200 B S, DUSE 0 S R
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5 40 HR P RRBRALY(Zr, 1, ,Ti ;Nby , Tay ) CTEHESHE SRHE T B9 A PEIE ROMAL ] 5 8 )

AR X TR 3(c) M, PR R AR SC I IR AR ) w5 BT VI, IR AE €=0.170 B s i . Bl o — 2
A, X LTI YN BTG, A TR, SRR R BT 3(d) W I R T X 4k Y ) X e
B AR SRR, AR 2 )AL NIRRT R, 12 W 1 A T ISR HLAR A 5T R 2% (6=0.180), #8718
T MRS AR S A ) i SR A R

@ 100 0.8 42500
7o R =2
’ o’
e , - 1,
75F — - - Temperature | P - 106 2000
4

104 s ;

Stress/GPa
W
S

Temperature/K

o £=0.165
B3 (a) Wi [001] Shia) ke HEC (455 N7 77 AL SRt A A8 T 8- A 4, FErh ik bR ic A8 T 1Y
(b) BRI T () BIAELIE (d) BIRMAER T 0.200 fJ50T 518 7 ]
Fig. 3 (a) Stress/temperature/localization deformation parameter-strain curves of HEC in the [001] crystallographic direction;
correspond to (b) structural cloud maps of metal atoms, (c) shear strain cloud maps, and (d) shear strain cloud maps
with atoms having shear strain larger than 0.200, respectively, at the strains marked by the gray lines in Fig. 3(a)

J T i — 4R iR BES FCC-BCC HHE M HOWALH, 435I A [ B %1 (0, 7.1, 8.5 ps) HEC H1 [
SRR 0 U 4 R T DL R TR AT T R G0 RDF 43 M7 (] 4(a)~ & 4(c)) o [RIIHE BE T — 20 i Ay
JEFE R L IR 20 0 25 #4 AR A, 5 BOMLRY R F 5 A R AT AR, A 4(d)~ I 4(f) TR, 0 6 I8 2 5 [
HRTETE K] 4(a)~ &l 4(c) AR YA o o, 181 4(d)~ &1 4(0) 158 1 91 [ B 35 flk D 0 4 J I+
H) 563 HEC 4549, 55 2 5 & &8 T 7 1) F A A/ 78 . IR 4(D) o LLE 8, FERT IR 4549 =0 ps ), LA
5 & &8 J5F R i 1t ey R C 407 522 MR FCC RRAF, A — I 4B 1Y & 8 I 7 Be 62 50k 12, XF )1 F RDF
B—EiE(DO~Q/B), QRGN & 1Y 5T JU A7 B o SR, Bl 1Y [001] J7 [0 (U RFEE R 46,
DERETF (NSO, @, @) B AR, WAL Ti% b W 9 4 08 IR 7 & A B 8 00 z m 58
o, 55— AR EC ALKl 12 (1 4(0) B = (K 4(d)) o LR, & 4(c) 48 JFLF RDF 55 1 104
(D~Q/B) B #i 5y 24 R El 4(b) FE 4(c) 1) 2 DT (DO~QFD~®), RIOFG {7 A5 11 J5 - 2 3 3
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RYIA e b f /46
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_ \D-@ o ".‘ 0 o O.Compress
\;/0 40 All atoms I : .Ei. '4 ) p ‘ D 3
L PATON A~ AN T & ﬁ
o, % 9 ° ®
(c) |Catoms : /\ =0 ps bo{ 9 *o 9 °ﬁ71ps
: : D @, og-@ L R I
I . N\ A v %0 e % e o
2() PMetal atoms . ¢ | i H
| {OREYE % %% efy® O
: : K \é "5‘;&?’. @ Hf
: | VAN o 7,,. 90 @
1 °. - b .Q z °‘ Q®
0 ! I . . ® -0 ® >0 _
2 3 4 5 6 =0ps
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Kl 4 (a)~(c) ARIMEATZIT BT JEF 4 )i DL BB 5 (42 ) 4347 B AR (d)~ (£) %Rz 2 T 11
SRR T HE (ZeF AR, A U4 B R T 145 )
Fig. 4 (a)—(c) Radial distribution functions of all atoms, metal atoms, and carbon atoms at different loading times;
(d)—(f) atomic arrangement diagrams for corresponding moments, with the left column showing the entire
system and the right column showing the structure containing only metal atoms

X R B AR R E A Bain B S A% IR 28 (lattice distortion) $53R4F, BZ ISR AR T & @ sk~ )7
s VA 235 K LR il ) AR/ 4R & A2 9 FCC M BCC A B 376 46 1) BRAE AL LA 42501, AEX —ad i hr, —
AN ELA FCC 45K 1 JRy 6 X 0 2 432 21 46, RISV x . p 7 1) A 2 e A, JRUAT BB AR 4 Sy s 1A B
AAS, T B BEZS BCC-like B9 Hr B 2544 . 18] 4(d) H Y 42 8 ST JLART A4 52 30 i i — L 8 fY Bain 728
TEHRE . 454K 3(a) EF'soE’JLﬁLﬂ A DAHEWT X 26 J5y 3k Bain BiAE XK E 5 & TR AR AR, Y
FEARFREE, IR # RUUE— 25 B3t 2, £ Bl K 9 L 04 J5 1 BA S 4 sl S5 0 B8, 28 BCC 45/ TR LR 3R, 3
ALK <“Other” 4544 o 11 22 £ 05| AW Sks 15245 Sy 6 28 Jmy b [ 0 JtF FHEBR AL T F & e 2R S

ey B2 ]
22 011 BEEHETHEBEBY RITA

HEC ¥ % [O1T] 1] A R 45 5 15 [001] ff i 522 B0 4 B R[] A9 28 T R AiE o 78 5(a) JE7R T [011]HL
6] T B BT T3 | JR A 2 H o L Kt BE A8 A T AR 2, P81 5(0)~ P 5(c) 73l 45 17 SR I A% 1 BT Xof
IO (VR 22 BY R A5 3 43 A o 55 [001] b i /S [7], 26 [O1 118 i Il 2 I A W 2 51 B 8.1 iy FCC ] BCC 1Y
BRI AE . S 2 Fh I E R o 78 B 1N 7 3 0 0 R 2 AU BT, (HAE[OTT] )
AR AR ZUI AR T X I N AR W S T [001] b ) o 7E £=0.198 B, AN ILT-50A
B35 1) SRR A DX Il 2 W AR 3 0.200 B, AT IF AR AE 224 B BN B BRI IR SRR R 5 . B D
ARIRLEEIE AN 0.204~0.210, YA 1E BT A= XSUT 4f B — 207 g, JE 22 46 A g 1, B 2 1T AREE ) 9 J) Jek
YN (EAHER A, 55 [001] b1 T SRR EAGIE T A SS A YHE AT AR IE, (01118 i) T I il i 98 4 25
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AN TR] i 1) AT A T R AR O 22 S DA KR R R A A e AR B S AT K
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5 (a) [O1T]/h1 T HEC W1 /AR JRALASTE S 8- N AR 2R, (b) P S(a) TR (R FTARic Y
4 DRAET BB R A, (¢) BYRAE T 0.200 I I 55 10 A8 = ]
Fig. 5 (a) Stress, temperature, localization deformation parameter-strain curves of HEC in the [011] crystallographic direction;
(b) and (c) correspond to the shear strain cloud maps, and shear strain cloud maps with atoms having shear strain
larger than 0.200, respectively, at the four strains marked by the gray lines in Fig. 5(a)

N HE— A % [O11] b 18] T S A8 B (R AROULAIL ], X Jey 3ok B 7 A8 5k 0.150 #49 J50 7 2B 4738 152, 4 B
W AFTE 0.194~0.202 X 8] 4 A B 25 AL (T 6) o BT 6 Hxt BR AT I 1 y T M 8 017 4 8, HaR+
FoRILF IR, 065 8 O A N IE . 07 iy BN . AT LLER B, Ry v AR I I T AR B A —
TEAZ VG b %, T2 t 24> 3 B AL [R) N I 3l 2R B0 100 2 1) 25 15 (8T 6(a)~ 181 6(d)) o AR BRI K 1Y)
J AL (] 6(e)~ &1 6(h)) AT LA TR T b UL ¢ 31, 33 S640) fy 990 P 1 A o I 40 o 728 8 0 i S {111
TR, BT U R 1 SE R T RS o Bl N A8 — 2D 3G 0, A (]9 B T 22 [6] 2 AR 220, 75 1 1)
{100} S o — {111} fbifd b IR QOB VRIS Bl o (BAS I 0902, VR {100}/ T B 1 0 o R 2 JE 28 Ty RL3
STV AT, T {110 IR P R T D) A B R K AR e A MR AR 0 S, e RS U S 0 o
RE I ASTEHRRAE . AHEEZ T, FER RN, TiC AUULEE 2 /05 v {111} 1f f9 R 243 A%, i NbC ] 30
BRI Z2 0T {100} fb 18T 1 39 A%, HLAACTE AL B2 T DLRH 5 Ao 181 6(1)~ 11 6(1) 1E— 20 €7 T HEC 1y —2H i
RULI11} S ARSI ok R T (0 2 B8 o3 A o FT LA B, 7E W B W0 4G B B, A2 T 8 JL AT o0 B D B
Se kAW R B, BE S A R A RS R . BT HEC A 7E i 35 1 ks 72 (18] 6(1)), W B8 T
AR B 514k 1, TS DA ) Sol i A2 D O AL D ) AT oAb, WA AR T I R i A i — 2D
(1 6()) o AN [m] Jit 7~ BRI 1) it P A 38 0k — 25 n J, AT IS Jold B ik 2 ) e 5l 3 B Oy Jy S S 1) 4 252 34
9. MBE2MMBRE, OF DFT 5™ 8 Bk 22 i fit T EEE S M. X7 T IVB ik k9 (TiC.,
ZrC, HfC), <112>{111} T 1) )24 BE ( generalized stacking fault energy, GSFE) iff 218 # A i Bl 2 2

080103-10



5 40 & FR P RRBRALY(Zr, 1, ,Ti ;Nby , Tag ) CTEMESFR S RHE BT (9 S PEAZIE O L 5 8 )

S I 1) JR 3R AR /IMEL, BIASAE J2 4 (intrinsic stacking fault, ISF) 2k , 2630k <Mk ik 45 by, 220 {111} 1A0
Ay T s RS . VB R IE Y (TaC, NbC) WIAFFE B 2 () ISF A %2 J2 45 (unstable stacking
fault, USF), &8 {111} i G 0 451 A . B2 Ui, HEC "2 20 (111 s ALK 5 VB %
SR B AL TR S R . #FE—D b, Li U 7E @ ik k) (HETiZr), (NbTa),C i) DFT W 5% 45
&) 4o L 9 B 08 S 3 AR U R T D g | JEE IR BT VDR B % {101 R fR R B, R SRR R D
)T B8 58 4 T S A BT AT A O o X iE— 25 B, £ F2 o0 A S 20 SR S RE 2k TR S R
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SRR P, ()~ () W (111) Vi 2 J2 776 S 1R 6(a)~ & 6(d) X209y J7 1 I Bi ks = K
Fig. 6 (a)—(d) Displacement cloud maps along the y-direction under various compressive strains (with atoms having shear strain
less than 0.150 removed); (e)—(h) zoomed-in cloud maps corresponding to Fig. 6(a)-Fig. 6(d); (i)—(1) displacement cloud maps
of a pair of atomic layers along the (111) plane at the moments corresponding to Fig. 6(a)-Fig. 6(d)
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T i o7 A 114 Ak 2, T 7(b)~ &1 7(d) SR T S B IN AR 85O0 I AR R B N AR 3 0 A D K 4 R F A
WL FE G AT AL 2 T o BVASR R, [111] b 1) [R)RE A8 BY R g 3k B0 BRI B, PR 1 T, I B k2 Uk
Fto {25 [001] FIOLL] & A LL, [111] &1 M@ FF iR BT+ (£=0.160) 1 5 )3 135 FI I (E (£=0.184) 2 ] 2
AR A g AR ] B, BPAE 958 M AR T B0 I, 207 10 JF B0 S RIVEE AR AR AR 380, T O 4 7R 30, 5 1 )
gkt Tt

080103-11



5 40 & FR PG RRRALY) (Zr, JHE, iy ,;Nbo Ty ) CTEMEAFAR-5 RHI T A S ORI 5 8 )

(a) 40 0.4

O-Xy l-~~—~
30 - ’
— « — Temperature

20 10.2s.

Stress/GPa

10 10.1

- 015 /',’ 020 N
Strain

(b)

e
<> ﬂii»

(©)

(=]

Shear strain

m <o
<
W Other

e=0.184 £=0.188 &=0.190 &=0.198
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BN AR 2, () BTN AE KT 0.200 F 5755 W AR 7 [ A RAN 4 R T A 4l = 1R

Fig. 7 (a) Stress/temperature/localization deformation parameter-strain curves of HEC in the [111] crystallographic direction;
(b) shear strain cloud maps, and (c) shear strain cloud maps with atoms having shear strain larger than 0.200 and dislocation
clouds with analyzing only metal atoms, respectively, at the four strains marked by the gray lines in Fig. 7(a)
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FEWH, U (101 038 S8 PEAS T AL 328 i (245 e 82 32 5, i IR rhy JRy el R o I I A I AR X A 1 &
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Fig. 8 (a)—(c) Atomic shear strain cloud maps of the material on the (100) plane under different compressive strains
after removing atoms with shear strain less than 0.100; (d)—(f) trajectory cloud maps of the corresponding planes
in Fig. 8(a)—Fig. 8(c), colored by the displacement of the atoms in those planes
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Fig. 9 Evolution of compressive deformation in (a) HEC, (b) NbC, and (c) TiC along the [111] orientation,
showing the early (top row) and late (bottom row) stages of plasticity
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Fig. 11 (a) Evolution of the number of metal (TM) and carbon (C) vacancies and their distribution cloud maps
within the time range of 7.9-8.5 ps; (b) C-vacancy formation energies of HEC and its monocarbides
under both carbon-rich (C-rich) and metal-rich (TM-rich) conditions
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Fig. 12 (a) Distribution of resolved shear stress (RSS) for each atom of HEC under £=0.200, along the <110>{100},
<110>{110} and <110>{111} slip systems; (b)—(g) RSS distribution maps for different slip systems
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Fig. 13 Shear strain snapshots and normal stress-shear stress-shear strain wave profiles under ramp wave loading
along the (a) [001], (b) [011], and (c) [111] directions at =10 ps, respectively

] 14(a) JE/R T =10 ps BF [001]. [O1TIAN [1117 3 Ak 1) W A4 77 10 (2 1) R 6 3 5 % 8 4
A, T UM T b T R[5 o5t 1 7 A I 7 T B B R I . 1 AR S BAEE, [0017 45 16 ) T E 1
I 4 T 4 05 5 (B R 205 D 254 1) S0 28, 0 O Sk O S B B T 2, Ko 1 A
40 I LA 5 4 T 4 AR 5 38, AR L5 A0 2 A T S SR — AT 0 e s
S B L0 S A B R, P 14(b) SR T 3 AN 1 7 S 0 A 07 5 (U AR BT 2 7 i JREE R 2 nm 69 1)
F ) A ST 24 5 197735 5 S A T 2 o B 4] P38l 2 . 2 SRR, [O1T145 (1111 2 A 1l ) 386 1
TR B30T, W 25 1 7340 0 11725 5 o849 W F 6157 208 L 5 107 [00 1] & 16 7 64 1 A st o B 24 3% 5 0 8
F9 09 J37 78 7K ST, 7 2 B S 0 B B B 0 ot K, 2 I 0 0 R R A 9 A L Lo e T
o [RIRE AT LA 76D T, LT B O I 7 2P A M I, T 5 e AR A A Y B A o A
WG — 7T, YBVERAL 2 M JR B0 T BB 7 WA T B 3o 3 ik — 2 9 75 % — 7 T, 3o B 39
SR 3o DR AR 0 R 3 A AR B RS S I A 0 R - M I R S [ o 1 A A A%
A 0 325 57 S0 R, LB T e R 2 S

080103-18



%40 & FE2EPUEE . FIRR ALY (Zr, , HE, , Tiy ,Nb, , Tay ) CTEMESFR 5 RHE T B 38 M AT OB ) %5 8

—~
)
=
—_
w
—~
=
~

0.20

- [100]
12l L ——[011]
8 £ 05 iy
EBII 7
25 § 0.10
2] <=
g0t “0.05 |

9 0
_ 2.0 [100]
T 0.15 F —1011]
£ LSt —[111]
\:; 1.0k s 0.10
B
3 05F 0.05 |

0 L

. . \ 0 T . .
0 20 40 60 80 2.5 5.0 7.5 10.0
z-displacement/nm t/ps

&l 14 =10 ps i () [001]. [O1T]LA K [1117 3 A& 1 AL T30 E A B 5% e e ) i il 48,
(b) 3 A~ Ta) Y P9 8T 24 B 17 7 LA e SRy Bl T - e ] s £
Fig. 14 (a) Profiles of particle velocity and density waves at =10 ps for the [001], [011], and [111] crystallographic directions;
(b) evolution of average shear strain and local deformation parameters over time for the three crystallographic directions
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Fig. 15 (a) Evolution curves of shear strain, shear strain rate, and particle velocity over time, and (b) stress-strain and
temperature-strain curves under ramp wave impact and quasi-isentropic compression loading conditions
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Fig. A3 (a) RDF curves of HEC under relaxation at 300 and 1 K; (b) comparison of RDF curves
of TiC, NbC and HEC under relaxation at 1 K
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Fig. A4 (a) Carbon vacancy formation energies at ten different sites in the HEC supercell; (b) average carbon
vacancy formation energies and their dispersion obtained based on DFT and DP methods

Microscopic Mechanisms of Plastic Deformation in High-Entropy Carbide
(Zr,,Hf,,Ti,,Nb,,Ta,,)C under Quasi-Isentropic and Ramp Compression

FENG Lanxi, LI Chuanying, LI Wanghui, ZHANG Xiaoqing, YAO Xiaohu

(School of Civil Engineering and Transportation, South China University of Technology,
Guangzhou 510641, Guangdong, China)

Abstract: High-entropy carbides (HECs), which are characterized by pronounced chemical disorder and
lattice distortion, exhibit exceptional strength-toughness synergy and are promising candidates for impact
protection and high-temperature structural applications. However, their microstructural evolution and stress
response under extreme conditions, such as high stress and strain rates, remains poorly understood. In this
work, a high-accuracy machine-learning interatomic potential is employed to investigate the representative
multi-principal carbide (Zr,,Hf,,Ti,,Nb,,Ta,,)C (HEC) through large-scale molecular dynamics (MD)
simulations. To elucidate how multiple “high-entropy” effects govern atomic-scale plasticity in HECs, large-
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scale MD simulations are carried out to explore their response under quasi-isentropic compression and ramp-
wave loading along three principal crystallographic orientations: [001], [011], and [111]. The results
demonstrate that the high-entropy effects profoundly reshape the initiation of plasticity, the competition
among slip systems, and the localized deformation modes in HEC. Local stress fluctuations and lattice
distortions enhance transient Bain-type stacking rearrangements within the sublattice and promote the
synergistic activation of multiple slip systems. This leads to a transformation of shear band formation from
isolated nucleation to a network-like propagation. Complementary first-principles calculations reveal that the
carbon vacancy formation energy in high-entropy ceramics is significantly reduced compared to their single-
component carbides. This reduction of vacancy formation energy facilitates preferential displacement of
carbon atoms and their participation in shear band nucleation during compression. Furthermore, the
comparison between different loading paths highlights the complexity of the high-entropy effects’ response.
The quasi-isentropic loading path helps to unveil the intrinsic deformation mechanisms governed by the
high-entropy effect itself, whereas the stress gradients inherent in ramp-wave loading couple with the high-
entropy effect, leading to a premature triggering and intensification of plastic localization.

Keywords: high-entropy carbides; high-entropy effect; quasi-isentropic compression; ramp compression;

anisotropy; slip; carbon vacancy
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