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PR AMETE . JRR AR e A A R s R W T BEAR A . AR T, Rk
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JEBICE, RIS R . A0S AR E P DA B T BRI, R i e AR AR R — 122, fH
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BOER SRS S T . BN, TVB ERALY) (ln zeC) BB T LB, A7 A8 S S I
FE AL R 22, T8 REUTHI R AE, AL, <11 0>{110} M NT: 1 VB ERAY (40 TaC) K
GBI, AR OE ST R, WNEAERRMEHAILAE ), B <110>{111} HEAE
(23241, fOkE SRR SCIe R W), ERERALY) (HE-Ta-Zr-Nb)C 1) i IR 5 AR 25 R0 B 1) (2 2% v T L s A ok
) (HfC f1TaC) , HEUL <110>{110} W REHNE; FBAREES M R R4 T TaC
AR EBMEAS T RE JT. J Tk, 24 (Zro,Hfy,TigaNbgoTag,)C  WAN[E s ek, 22 3 701 R A« B2 3%
R o A0S 2 B R, A SR B R i b A B M FERE R A2 2 JE T %5 BEVZ s EE 1R (Density
functional theory, DFT) [JBFFCHE RS, X+ Bl &5l iE S By, RN BETE S, REME
ARG FHEESRANT, JUTHE Bl ALY #6 A T ik 6. 481, 78
(Zrg2Hfy 2 TigoNbg 2 Tag,)C  XFR I F etk R, R RSN RS 5 RAT 4 52 2 s 1 48 DL Ak
FHFHEZERN, RO U B AT = Ratlil. th4h, BY 4t m A 7R ET
HiA o HAEAS ] i 60 R R B S . DR, AR A R AR BRIt s
Jaxt HEC FI¥IEARTE 68 ) Ko o N S sl s A IR s e, 6] B A L 5490 i FRDML R B 3 3

FRUE i e s 2O R R U BT Fe i, (HIAE BT 98 R AR T Ry T A AR 1 B A
PIPERAERO, ALFE SRR ENO-21 R 4 5 25 il 5 OIS HE RS ) 2 MDA R R, EEiR. &k
5 1 AR B A HA 5 A N B 1 R B AR T AL R R B A 2R T . R R S AL
WIAE A i AR ASE PR 55 v R B M 15 R N R 9 9127290, R N B AR JEL A A PO A0 48 A FT A s 000 1) 7 2] 1
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(Zro,Hfy 5 Tig,Nbg,Tag,)C £E [00 1] [011] 5 [1 1 W/ ZADWhA A #ESE05 5 45 15 R0 #8720 B 547
RGWT. —J7H, WIS, ERRTEAL Geph e RE b i 5 T DA R ek 5 45 A4 5 R 1) B S AR A
FEXRT AR B AR T R 52 0], DT BR 56 i 8 205 SR BRAEARAIE 0 54T R YR, I RIS,
RSN I RS AL, DA T RS RS S s AN RE S 5 — 5T, 38 Xt B S50 IR 4 5 b n 2%
KPR EARERMEINEESE, R TEIC I R 45 SAFTE R G5 AW Fp 0, 0 8N 6 AOs L
i AN IR AR TS S 22 S A ), PP Ah e T AR SR P -0 T I T P R AR

1 HARFE

TEZ HIRIRF T, FRATTHE A AR S — PR SR B8, R DeePMD-kit A0 IR 4 T 3G FH T4
B (Zro,Hfy 2 TigaNbg 2 Tag,)C / FRIE i JEVEHI PN (300-5000 K, 0-200 GPa) HIMLER~ > EERREL (Deep
potential, DP) , FfRGINIE T BLTER IR S Ao A0 i i [ B & 1 vt A J T 90 ] SE 28T, AR 9K
BT 1% DP SABAR KR NT B /1% (MDD B4, RAW A EEHRAYIEE  (ZrooHfy2Tig2Nbg,Tag,)C
PEAHE S5 005 15 45 5 A TR A A IR A R B AR TEAT . ARRE 2 320 5] NI & e A8 540 2% 0 e it
IHVEARTE W, BRI IR B T TVB & TiC 5 VB J& NbC A LR 52 4 TMC, SR MEAM #3334,
5 (Z¥¢ M 2 Tig 2Nbog 2 Tag 2)C T4 AH A AL T LI EXTLL AT ESR BT ) MD L4003 T
LAMMPSPS! 27508 thAh, IR 7 m @ A4 Hoik 2S00 BT S T AAT 9, AR S48 — 1t i 3
5, RGOV T 450 TMCs (TiC. ZrC. HfC. TaC Al NbC) K HERA R (Zry,HEy,TigoNbg,Tag,)C
FIRR SO RS . T 55— PR R B S 3 T VASPBORRPESE R, ARG AR i 1 JE T 5 M Je b 5 2 T 45
SR OVITORER A AT "l AL AT g B 53 AT
1.1 EFHSRUEE R

TMC Fi&il s B NaCl BUEEhahhy, BP & 57 FIRk 5140 5l # B 4 B 28 TG 52 7 (FCC)
Tauts, SR T SRS E T ARG A BT R LA AR B, TR AL Bl 45,
BERI7E TMC G5/ &8 7 fAs BBENLLL Tiv Zr. Hf. Ta. Nb &k, #J#  (Zro,Hfy,TigoNbg,Tag,)C 1
B, WIS T e 2207, M@ E T RRSEAE, W RGN T Sk mAL DL s Rk
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Mo

5 FEAN RN ) NN % ) e, AR AR T SRR R T ISR . BART S, WY 2 gk
B, A AL = R AR, S A BB N z-[00 1], x-[100], »-[010]; z-[011], x-[111], y-
[211]; z[111], x[211], y-[011].

HESEH R AR BRI K208 19 nm WSZ R, R REEZ 56 FET, Bl z Jrm, BME
SENARZERAR, SCHUN MR A g . WE BRI 0.75, IARE 2z 7B RS ARG K R
75 %, A TR -25 % B TFERAS, AR A 0.002 ps. HIEL 12500 2, W RN AER ¢ 1010
sto FEIEAMEATF R FREERLE (NPT SMARIATEZRGIEFEFZM AR50, LA
HERVIUETRAR N ). TREFRH IR, KRR “WEFHES " BEATINRE B SHIETIRT, FF5a
BRZE TR v B AR R AR R AT . PRLIGAE TE XU a8 Bl RZR VI TR R 4% (NVE) ik R 4
RTCRE AL R Ge, A PR UE DN E FE A B8 & 718 ok G NPT XHEEE 5 R PIRZS 4% T 1l
RREINER T 75 BN T ) SEEUE Sk AR R, AH LG T HESE R N Ek 1) 3 A WERAE 2z a7 [l x)
PR AT & 2 I DA 2 TR AR U A #E, BRI xo y A WBIRSHEDR AERm, W 2z 7R On#k
D FIKELN 82 nm, BAMARE S 130 HET, FFRA NVE AL WEREZEKA 0.001
pso FRARBLIUA R TEEEME, By z A E R TR ORI B IREZE AN TR T B b o TR 4 11 2
PR 00, AR ST ek 4 i TR o ) 2 P N SR SE I ARHE MR S AE N0 ps HIINEET ] Y AN 0 km/s
LRMERINE B ARIEE 2 km/s. RIBE, DRI €0, LA ERREE Vg gop HEFEVGE TIERAER &

Uy Vtarget

ETTCTT

#(3)
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Hrfb C ok poR .

BRI, PIFPBEAE IE SN AT, M TRAIBIAER A NPT RE4EHHTEER 300 K FHIZ G,
BB x yv z TRCABAMIL A% (Periodi¢ boundary) , FEALRIN TS G I FRESHITR AN 1, REB/RE
- [ 2RI, AEBIRS, Kz InERDT R I RSB SO AT IR4E L A (Shrinkable boundary) o
1.2 BREMEREETE

KRS MR, RYPEE JSTMCS\(TIiC. ZrC. HfC. TaC. NbC) K&

(Zro,Hfo2Tig2Nbg 2 Tag2)C BB T KT EHE WA 1 R 30E Eh458) (Fm3m) , ¥ x-[100]. y-[010]5 z-
[0 0 1155 IR 2x2x4 [ A ML, S8 128 JR 1. X Tl rmtbdn, T Smas g it Frobt fngl 2y 2
SV, BEABRIE T T U S N e A, DRI AE A B B S A SRR, AN 7R A I R B
EE—ARE PRI . ikt F-HEE, 48 A% SAH FFr &8 IR FREHL S 85, X R R LT,
FEREANBRAT 25 T AL FUEMESE A S A S . NHERR VP HEC MBS MRS, AR5 oA e A
[FIRENL 4 R T HEAT TR AL s B S CE R W1 AG R AL Aol B 1A AN ) SR O B O R S IE AT R B,
i — RIS AR B R AR B ) AR R P = bR ZE GRES) HIERFR. XFT7
A OB T MR TR R R S SRR 22, B T AR S RIS T aE . B R IR E SRR
GGA-PBE & #-cHKRE, 454 PAW JEH, PR aEMAeg—& N 900 eV A LI X RS
Monkhorst-Pack P#%, & MIEEEZ) 0.15 A-. FT 5835 S5 EMEEB M IS T 70 1 LT st R, 7 a1 S5 A
SUEIRR R R R, RIS AR e -

TEE M (Crich) [2MET, BRSO RAERIAT B R 2005

EC_;iCh = Epy - By + pc#(4)

Hih Ep NEBMGIEIRARERE, By NI AREE, A BSERE THBLYY. EE4R
(TM-rich) HIHN T, AR N:
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g™ }riCh =FEy-Ey+ Mg + AHf(TMC)#(S)
XSy TMCs, HIERAEAH (TMC)FT LIRS N

0 0
AH((TMC) = E ) (TMC) = nppitry = neic#(6)

Hf, Eror(TMONEA npy MERIETH ng MRIET MBICHBILARER, uny A0 RELIE 4
FRHIBHE.

2 MREGR

TEREA Y, B2 o I R A A S A R 2 BN B35 1 b b W A8 DAl 5 T, TRl 5
Pl i v R I ML B R 04400, i S B ATREAS ], IV R R R 1 M-C B AR T B
4, G BAREM A, ekt AR ULKIEH RIGEESE T RSE AR A R
DU B2 R BN 5N B JR 3 A 3 5 X Rl AL A % ) e 1 AR BRSSO E AN [
TNy 17 (0 20 S g — R I R S ) e . il 1Ry | A A T = AN R
) ([001], [011] A1 [11 1] HEATHESEE H 4 3845 (10 5 7- AR S <] BLFE H = 2% il 28 i) g £ 5 2 LA
AR SRR Z R B 1(b) A =FrE ] B K S ) SAH R BN AR AT T 4eih: I [001] 7
[F) (YU S ) fi v, AELHOOE L PR UEAB R AR e /s [0 1 1] 7 1) ARUEEAE R D RIS T-[0 0 1], AN I e R w]
JEAENAS; T [11 1] J7 1R IR AE N Ak, WA AR S T 40 0 1], TR E A, FIREEIRE
B, R B ) B R 5 MR % A 7 A [ i 1) ) 2 T S i B T i, 2 B g M 78 (iR -0 AL A8 6 2R

AR 72 m SR EE AR AL AT 4y, B T@AE 41T T HEC Rk BN /1, &85
F FCC 5k AL 885 B UL R 1~ 193 7 AR F%” (Root miean square displacement, RMSD) . 7E# [11
1] SRS, MRS RS, H 1/6<90> RO SR, RUSHPFm EAE® R4E
ZHE) T E SRS . AL, RE [01T] & Al ok AT R4 AR, AR AR, B
IBVES TN IR 8 AL S 48 #e, 1 nT B f Bl 5 SR )R 3 AR AT . 55— 7T, RMSD A&
Wi SR B, AR SR IR TS AR AR LR EAAE R ZR: 1 1 1] &)
RMSD i, 1M [00 1] ffE, XANKES EIC] REEZEH 5] 5 B2 10 R s ik, Mo st
BIAT N LEENSI-NATIE . A aNE N RMSD S54RI LIEH, SR AAE & A AR R b vk
SE T ANIF] & ] BRI UE T A% S AR A P AR AR K S 1K, T 22 2 76 51 N 1) =) 3 A8 3 A 4K 5 T e T AT g
5 A S AR ) A R SO IR e 2 5 . BT FIRIAIR, ARSCEREGE [00 1], [01T] A1 [111]
SANESL T i R B AR SR O SRR B R R G o, AR YD SRR I i) B v A R A
AL A T B s,
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Strain

B 1@ [001], [01T1] BUE[L 1 I=ANdb e AESFR N T R g BAZ 2 (b) ZEit 1 () =2k il 4 i RN e
LRI REAR s (¢) Gett =A™ dib [ £ B g 82 0 IR 220 BT 82 14 <6 Ja8 Ji 5 BT £E ) FCC 4540 R BL 382 182 A S 24 D7 AR RS AR
Fig. 1 (a) The stress—strain curves of the [0 0 1], [0 1 1], and [1 1 1] crystallographic directidns‘under'quasi-isentropic loading;

(b) The maximum stress values and the corresponding strains of the three curves in (a). (c) Thedislocation density and root-mean-
square displacement histograms of the FCC structure of metal atoms at the moment of makintunstress for the three crystallographic

directions

2.1[001] BEESHATHFEEEELTS Bain BIBSRISEN

WK 2@)ER T (Zro Hfy 2 TigoNbgaTag,)C, NbC Fl TICHATA300 K E T, XML G 142
AR (Radial distribution function, RDF) CHEE A @R FAIRII RS, MR EHELAH T 0 K
FH) RDF XL o ATLAER], HEC [ RDF SAGEMEMN BAR TR Aoy, o - MEgIgE
IR R B FE . 300 5 — W S L 04 55 (Full width'at half maximum, FWHM) #4741,
2(b) Fiion, AIRIL HEC ) FWHM BRI CEWHM  AE R AR BHYOI 45 #4970 R85 1 B S5
281, HBEWA, R HEC FillABRCALEA S H AT 98 ¥ 5 3800 7 A0 SR A AL . IX — 4IRS e 5 P
HH A7 () R SN AR ik VAR A, B2 U I N A 2 RO B AR, 1S ECAL ) LA BE 43 . M
RSERE, A (BD B THOEFRK (B —ANEBA—MEF) Frd s FCC Bravais i
M. 7EMESREEMT, (745 BurgerS\K 2 o HIE)Z Bravais s FERSP R AR UL, BT B S B[4
WHTE b ER, Je T, BPRCRH TRt i isRmglessl, i —PDLE R R S 1 FCC F
A AR TR B SR A R RS MR i, RS EE AR T R HE S A SLR I 4% 5 e A Ak
FAREFE, R R A AR BRI BT E BRI GEiE, BE 2(0)FiR. fEIE4EIFEH HEC &5 7 —
AR ABEAS f ks EHEE AR, RIE)E T A IR IR B B FCC M B R B IR A A0 AL )7 (BCCY AL,
B J5 XAE R IR oNRE N FCC 450 . TRERIFMZ, XEP FCC Ml BCC #3K A X T 5 A&
JURTEE R IR, R B % vR =) 3808 70 H 30 5 S 8 Bl BT OBl 1 - HEBR B HET 91, IR B R R K
A TG R X KRR TS . E NBC 5 TiC R a] g 228U BCC-like WA FHMAT A, (HIL
BCC 4514 15 LRI ARG AR T HEC. Bt4h, FHECERZHIC TMC, HEC X Filie s 556 BT & A8 1 8% X Ja] B 2
g, RZ FEI0IRI) A& WA T e HER T AT ik . X—F5M7E RMSD Mgt R
FIE—PEHNE (E 2(d)) - ATLVEZR], Lt C JiFib& Tiv NbJET, 78 HEC ) RMSD ¥J7ERE
ASHEA DX TA) P LR e O BRI, R AR 2 R FIE R AR IS A EHE. 1T NbC A1 TiC ) RMSD
MFE AR RIS T AR TRIE B, X5 B R A I R S 1 R ARAR N B 256 200)7 51, H&ET

dif% i FCC EHER 5 BCC S5 MM B RIFIA B —E LBl Jm, A R2 0 SURI B IR AL, & R AR

BCC Z5M4 1 7 byl b, FCC MY BT A4 3= AL, At SR 1) 7 0K 50 7R Bk 245 45 ) e 52 45 34 5
[EEELEEIR
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o
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Strain Strain

Bl 2 (a) HEC. NbC 1 TiC 784085 KR A A ) =R RE () G HE L EEE 4% (FWHMD ; (o) =FEl
T AF AR FE AT NI, (6L 5 < I O 45 4 rh AN [ Ji 3 S5 R i o EU B B AR 2R K R SR 2R (d) HEC o C. Tiv Nb
J&F, L& NbC t C. Nb JE75 TiC™h C. Ti JE T IRME (RMSD) Bl 45 B AR )i 4k
Fig. 2 (a) The radial distribution functions‘of HEC, NbC, and TiC after full relaxation. (b) The peaks and full width at half maximum
(FWHM) of the three materials in (a); (c) Thewrelationship curves of the proportions of different atomic structures in the structures
containing only metal atoms as a/function ofsstrain for the three materials under increasing compression; (d) Evolution of the root-
mean-square displacement (RMSD)With gompressive 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

N T EIRNBAE SO R RN fe XA S S5 AT 9, B 3@gr i Ty [0 0 1] @A) R 4E
HEC [BIR ) 0) | BRI TS B N AR AL R R o Hoh AR SR S8 @ BRI T3RALE
FHBFA BRI 7 R RS (AR S0, BARE SCIn T

1 N
M M2
Q= jﬁzizl(n”i = Nave) #(7)

He, NRAERMETH: 0 NE @ NRT R OKIERT S MSAE (von Mises) , EIZE OVITO

B R T BTN AR “Shear Strain” BARRKRUTT
1

1 Z
UU?/I = Exzy + Exzz + Eyzz + 6((Exx - Eyy)z + (Exx - Ezz)2 + (Eyy - Ezz)z)]z#(8)
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Hr E p(ap € {xy.z}) A Green-Lagrange A FRNASTRE E K208, n° Bl LU R R B R B LM R
R EIUIAS AR, 8 TIRA SV R Sk, E3E) oYY 5, WA RRE - ok

FEHT AR 77;]1%:

vM 1 - vM

Nave = NiZIU i #(9)

P, XEE @ BEWEE BB BTN A AT K B, @ BOK, REMA R DB b b
X, REBREE: 4 o L on, NRPRZEMUSS. WK 3@nTEs, EmEvl ¢ iof
N, GRS WS [0 0 1] J7 R S48 BIEE BTN D ZR 20T, o SeRERERI. Ha, 3N
JHEME RS, R RIEFITESRIT R, RURASXIRE ) T AR S PLa AR L W B )
MOBLRGEHE N AL BE, B @ SRR, 0T SR R AL  JER R T R 0 (Polyhedral
Template Matching, PTM) 5%, & 3(b)J7R 1 bl A5 v <& 5 St S M IL, O35 2 B 3(a) R R o bid
FIPUAS SR AR . AT ARLEE R, X i BAGAT N AES B e N T AE 2, H FCC &5MJE 5~
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Fig. 3 (a) The stress/temperature/localization deformation parameter—strain curves of HEC in the [0 0 1] crystallographic
direction. (b), (¢),and (d) cortespond to the structural cloud maps of metal atoms, shear strain cloud maps, and shear strain cloud

maps with atoms, having shear strain larger than 0.2, respectively, at the strains marked by the gray lines in Fig. 3(a)
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Fig. 4 (a)-(c) The radial distribution functions of all atoms, metal atoms, and carbon atoms at three different loading times; (d)-

All atoms

(f) Atomic arrangement diagrams for three corresponding moments, with the left column showing the entire system and the right

column showing the structure containing only metal atoms
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Fig. 5 (a) The stress/temperature/localization deformation parameter-strain curves of HEC in the [0 1 1] crystallographic
direction; (b) and (c) correspond to the shear strain cloud maps, and shear strain cloud maps with atoms having shear strain larger

than 0.2, respectively, at the four strains marked by the gray lines in Fig. 5 (a)

NitE— DR [01T] Shia N AR R OUALE], BT SO R T AR 0.15 B SR T T ER,
FHMHAE £=0.194-0202 XA N RIS =6t (B 6) o BRpra R TRl y JTRffigdirEe, a6

11



BEYEZIR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

RFRRIVE N, 5K BN BAIE. frmEENE. TUER, REEEEEIER
TR IR kA, T 2 AN R A FIR R B, BRI A R E U (B 6 (a)-(d)) o MJRIHCK
JRFARE B (B 6(e)-(h)) AT LA BT W 5% 1)1 L) 06 8 M i A A B R 4 B e e iy {11 1) Sid &,
FEIBE NS B R« BEENARRE— 010, ARSI 2 R AL, R T {100} K&
{111y SR RIS ). AR, W {100} SRS R AT R, A
1L TGS S W W W1 =4 R e A 52 N == o Nt o) 8 Y= 7 1 ) S S = A A 3 A
TERHIE. MR, EFFEIESRAET, TiC ORI/ &R {111} mRRZIEFR, 1M NbC ML E FE
ZUW {100} @ImpEEE, B b skl B o6 ()-()i#E—PER T HEC M—HMA {11
1} SEEREEREA R TR . ATLUE R, RV B, AT i U O R 7 oo kAR
RS, BN R TSR RE . T R iR ) A R Ak (B 6 (), R
eI A0ERE, A2 LR AR R T O A A AN R . kA, SR RS, X — SRl (K 6
G)) o AFEE TS BRI, W R E SR s, RN A AR TR 50 .
REMMAKE, ©F DFT  WAPDN iR #zERIRME T HEESR, XY INBIRIKILY) (TiC, ZrC,
HfC) , <1 12>{11 1} GSFE HIZ38 & A LA E R FE 0T B ) R dl e A N, BV ISF Bk, RN “H
B g, R 1 1A Z @ E A EERE . VB RERAEY) (TaC, \NbC) WIAF7E W] 21 ISF
USF, U {111} HEE S M4A5EFE . HEie il HEC s IR (1IN N HYEFHLEH S VB M
WA S T . P, MTE, Li SRS sl 1b 42 (HETiZe) 1-x(NbTa)xC ) DFT #5iiE
H, SEATC I REY B USRI RLT . JEAREUISREE 2 A1 1 1S AL o R T, R R R P
[ 58 S m i I B o BT T RO . X kB 3R I PR T EE S B R e 22 ikvE S I
JIr AR JESE, AT 21 RV RIS 578 % 45 B ) H B R 4

12



BEYEFR
CHINESE JOURNAL OF HIGH PRESSURE PHYSICS

£=0.194 €=0.198 £=02
(b)

Displ. Y (A)
-I |
oehy

'
N

Bl 6 (a)-(d) TEAFRELE AL Ty 77
KB ()-() A LA
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Fig. 7 (a) The stress/temperature/localization deformation parameter—strain curves of HEC in the [0 1 I] crystallographic
direction; (b) and{e)The shear strain cloud maps, shear strain cloud maps with atoms having shear strain larger than 0.2 and

dislocation clomds with analyzing only metal atoms, respectively, at the four strains marked by the gray lines in (a)
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Fig. 8 (a)-(c) The atomic shear strain cloud maps of the material on the (1 0 0) plane under different compressive strains after

removing atoms with shear strain less than 0.1; (d)-(f) The trajectory cloud maps of the corresponding planes in (a)-(c), colored by

the displacement of the atoms in those planes
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