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Fig.2 Stress-strain curves of HEAsB!
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Fig.3 Yield strength-strain rate curve of HEAsP!
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(a) Schematic diagram of the xperiffient
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(b) History curve of quasi-static pressure
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Fig.4 Direct trajectory test[*8]
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the peak overpressure
measuring device

quasi-sealed test
chamber

fragment :
e —
ballistic gun

target observation
skin window
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high-speed
camera

B 5 S A Je s i )

Fig.5 Schematic diagram of the experiment layout!33]
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K6 $EE T FeNiMoW Bl iyl s o7 B . 09)
Fig. 6 Impact reaction of FeNiMoW fragments with typical velocities3*]
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Fig.7 Impact reaction of FeNiCoCr fragments with typical velocities[*’]
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the quasi-sealed test chamber

different thickness Ef‘l'\llll interior hardened
of Q235-steel Al target steel anvil
Bl 8 mlia i 0t 2 R AR B s e )

Fig. 8 Schematic diagram of damage of high-entropy alloy fragments to multi-layered aluminum plates?>!

EAFRTRERE (b 4T, 2 FiatEm G S 2192 2 B bR RO 5600 5 a0
9 fim. 4t EEAE 1600 m/s /241, fE— R EJEE N, FeNiMoW Fil FeNiCoCr i F HBE e
IV o N A B 0 R I R R B, RIS N OGS BER AR X I g, T
JEIE R 5 mm B, AN KOGEWIRES, 0 I NIRRTk 55

(a) FeNiM¢W

h=05mm R 2.0 mil h=50mm

(b) FeNiCoCr

B 9 2 i o <R ZE AN IR BB 2% A T 1) v e B2 S 36 B 1351
Fig.9 Experimental phenomenon of impacting of two high-entropy alloy fragments under the targets of

different thicknesses!?’!

4.1.2 BA MBI

52 R e T ok R DR, SR TS A g DA B e R R (R SR R, gk g
JT9R ) A AR, ST M B R T R A N AR . R S e 5 ONTE ZE - SR AR A L v
KRR A KA E JE R AR R NS, R s A AR ) A R HE S AL, AT
2 PRI RR IR B A D

BRSO g SR B AR FU 56 TR 7 HIZeTiTaNb 235 1 i & 4 5 Fuxt
GCrl15 BlR ML ) b SEES, s€ BRHT 73R E AR I RE B0 B0, FFRWT T 4T sr e R RE A
PERIREMA A, 25 EoR: PR IROBORE ST e 5 o B AR AR R R A T R AR LR Cu
AL S EMIG I EA, BAEMEREERE TS, & Cu s &R BRAKCHILT & ALK R,

Bl 10 NG o oAL i s SRR RE S IR N S R Gt il S SRR RESL IR T & BN DR B
BT Z W A R e M R . e, INEREN TR T A E . R R &
MK 2 MK T & 7B Ce mimtt . A . LM MEA ., e IR BRI S ) i 2he
Ho FRWKEEL Hiki ik g —h], DUREE SREN DM, Ll g, mia e
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PR T =y PR A0 e SN R, T RS N TR N RS I DR ANEER TR AR K
KIGHEREEIN 7 B RSt . B ISR IRES . ZAMAMBAC R LR AR AR, R R
P e AR B A DR .

Infrared thermal
imaging instrument

4“ Oscilloscope

Overpressure CaF,

test system | window

Oscilloscope

High pressure Target Overpressure
cone section chamber sensor
i Optical
First-class air E:hl;amnil;rn Hich-entrony all i[';‘l;::
chamber | igh-entropy alloys s L)
projectiles % 2, Pypometer
7
[]—D—-I .- M j _________
Y
Second-class Electromagnetic Synchronously ¢
air chamber velocity measurement triggering system Pulse trigger

Launch tube T

AN
| N
Vacuum Acrylic
pump window
High-speed ==Y
camera

B 10 i g oA o s S SR RE SIS N A5 ik AR 4t 0

Fig.10 Experimental loading and testing system for impagtreaction energy release of HEA projectiles®]

42 R R FRENXLLE

A B2 28 WA T RSB A VA AN T iU A% R G Rkhe A% QML R 2 B 7 R 8 /A= AY)
BRBRAN 2 PR 5 S50 RIS UE A B 7 M R A TR e R

Ma ZEBTFE T Al sNbZrTi; sFag s 1 P i & e R RE /) A5 ARCR, 7£ 719 m/s JTEFE T,
FE A S SE AT E 6 mm NS SR T EE S T IRRAE, R RIF bR e R
FIRIG . Zhao ZE5NFF K T — s BXUAH BCC TiZrHfTaosWo s i P =i & & pt R, HAE s
R R B SIS LR . TiZrHfTag sWo s GBI & & 4wl i s J5 & kAL ™ E i
2, 5l BIZ B SEAL SO, AN TR 3 FLAREE, X fa R AR I ol B K S5 A3 R
4.3 EIBORHE T

PO SE RSO R N L 2 55 M LA T = B 4 s A A T AL R v B R AR M PR R
NBRTE R 9 Pt IR FUE MR 2 REALS RNAT 9, 30T LIS F 3k SB[ 34T
ST WEE-SHPB SIS, HER AN R I B G S IR 55 5 2 PP O R AE T BOAH Rl
fry ATLATE AR W 77 2 -l 5 R AL 7 2R A TR o 0 [RISCRE ) R AE T Bl
F&: P T 2B (scanning electron microscope, SEM) , T Wi ORI EIY)ai FES M %2, H
THHUHATH Celectron back scatter diffraction, EBSD) , T dbki B A« 22 &g 43 A7 FIAH 25 5 7
Mrs FEHHFEM%EE (transmission electron microscope, TEM) , F A &R 99K 2R i A1 AH AR
FEMIRIREANRAL ;. X FHRATH (Xoray diffraction, XRD) , TS @ fFR AR J1500T. BbAk,
JR A 3 AR AN LT A M AR AR IR 5] N AR 9 2 R S I 18 R 48 BT A7) 217 ) W ORH R I R, AR
HHERE 1 X L FABT Y AR ML AR

Meng 5505208 T it — IR R W G SAE g S R 8 71, 3R T BA R Re I fg
BERBURFPER TIZINDV Sl & & REERBT N, X WER BB R RS TESR ShAk 4514
DL 2835 H AR XRD. SEM 257041, S5 5KB: TiZeINbV =i & 4RI 21 AR T Al 4 #0530
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FFRBOEie . S o, SRV ABERRR: Aalid. SRR ERBUT Y
T EARRE; B S R, s e AR TR, A BRI R
N, AR N R IARIEK, mAR IO 2 RERE .

5 EMEEE &P ERERERINSG A

TE TS A S AR R R A R b R BRI, i RE R I R BRI AR T
SIS TG 8 BT B A A — 5 KRB Z I M 47, SRI R AT A R e, B AR R
W FCZEM RIS ST AR TF B HAT, 28U BB AT 78 £ B 2 N — 2
MBTRI A 5% 22 R 1R 2 W B I A7 S Aiqh, o AR /A 4 RS H R BRSO F7 2885, AR
W03 BIENA & TR IS . WAL DLR AR BR 7
51 ETFEENRNDFENERTAEE
5.1.1 Johnson-Cook AAAEA! B H 45 iE

Johnson-Cook (J-C) MR LA . SEWH R SCIAH, & H A @ i S o i b 4l i
JZ AR, FeA J-C i oAy, nf DL R R 05 i, Lia GG TiE A
HfZrTiTaNbCu, M =i 6 &1 J-C SIS A M SE, FiEid ABAQUSHRIEN | Z 8 #EmitE, KN
Cu & =N mT 3 vy JE ARG, (HFR(RPIM:. Tu 2E54@E S SHPBELEIRIRIK " CrMnFeCoNi =4 & 4
(1) J-C AKgS 3, @ TARICHER, FEILT 500~2213 m/s S O AP SOE R AT A, REh T
TR sk, ZEHGERMEEA . SEEESHE T HIZITiTaXl RE6 &M 1-C RS HUK
MSH, BER, SRR NS T 45005 A B ¢

845 J-C BB A R Z ARAE T M LA = i S M Sh a2 T ML, i fE iy 5 2 28 1
85 J-C AR kR 7 AR RN (1) A A A 3 T A o KA I 1 00 G B 2 (DR P - N AR R A
1785 Ve G i B BE R 4k 2% I BRI R BURE 46 ) 7 AR B R R
5.1.2 WEBR T RBETIRAS N FF R

o T e T AR s T RS ) R, A aea IR e /71 (finite element method, FEM) ]Il Y
AR AN 5 R O o 5 B P R AN SRR I R T eI R AR 3 1% (smoothed particle
hydrodynamics, SPH) J7 V2K TG AR EIERE v B b B RARMIE S . T+ = RSO T
AUTODYN %A1 SPH J7 24540 BRI 308 sl i o =i & @B 454, 20 br 1A IR Lol R
R s, REMMEREE NG REN: ARG XE T, SBEE Sl Emma ag
ARG A2 51.86%, [RIVERF BRI INZ) 79.56%, RS 7 MR = MR K& HE A
G 75%. Lu 257 S IEH9<C i 5 Cowper-Symonds 54 (JC-CS) , #3721 AlCoCrFeNi
E A e A KRR ) G5 ATFEM B, T 769~2400 m/s 3 FE S N R AT N, ERIEIR T R ATIR
B 5T Z RIS o
5.2 DFEINFEM

5y ¥801 /377 Ginolecular dynamics, MD) ALl A] M5 ROBE S 7R ooy #ar S AR AZ T AL
FHARAT N K Re R R AR, 2% O WDE S AU I A 78 . MDD BEU0E % 15 LAMMPS 4691
VR AR A PR 24 N AR 2534k . Stewart 25081385 MD #EHLEAE T CoCrFeMnNi 7£ &
5 P RN 7736 Bl A RS 7 R DA R 5 AR 28 T () 22408 R, 4R 1 R BAE AR ) 2 5 FE (1 2 il
R s Hugoniot 45 B 5 SEIG KR & . Wu Z5E595@ 1 KU MD B 7T T FCC 454
CoNiFeAlCu . & 78 ¢ In#k MmNz, &R BLLE[001]77 17 LA FCC—BCC #HAE N, TM[110]F1[111]
J7 W LA Shockley fr4iiz s = SIZ MM N E, B T i fEIuax ZR 0 EN 2 E M. Song
16013 1 MD BHUHT 5T T Mn 7GR JE IR ENNT CoCrFeNiMn i i B (520, &I Mn Jo 5 (46
S FECR AR R A RS, B0 T AN SRR, T R T A M E M 27.9% % &
11.5%, Hugoniot #PEM IR M 69.1 GPa $#2 7+ 24 72.9 GPa. Fang 6% F K AUAR EF-1if MD 4 41
5L 7 %5 2§ Lt CoCrCuFeNi 7E 0.6~1.45 km/s i BE RIS RL, 255K, ks A8 i35 0l
AT ALEE A ZEE RIS BT, SIN TAOME N A RIAR SR TR AL i, fRRE T IR, IR TR
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FLRRE, BRER T AR GO A A AR A6 S AR A AR FH AR o PRSE BRSSO ] MD BLAUL R G843 Hr
T AICOoCrFeNi 7EHFI kil N HIBNAS IR, & I Ae & RSO B o il B AR AL IR X
(0.5~1.0 km/s) LARZEERIZIR AE N, X (1.0~2.0 km/s) ArESFITCR R 7L R TTHR, & X
(2.0~3.0 km/s) 7 JETEFWAEE.

1) MD B VA AR TR SRR A . FLARURT (B] OB SR IR AENAD R, 5 bripaiid
FEMZR IR NAFESCE Y ZENE; S WSS & SR RBRE  HORS B B 45 JL 10 n 52
ARG RST I FRFITEROR /K B, e DL B4 2 2 0 T2 FH o
53 BREBEBGERE

BT G S b B Rl MR F B E M 2 AR, B8 RS ST A BT 1. g
H O AN [ Bof 25 XV A ) v o T 448 R s AT AR VAT 7 RGEE, AN T 4 N5
AR ALt g : MD B, phoi FRARRFIEANAOUEL . b IRONAT s RO, MRS, B
AT, 25 RN ot T ()RR [ 40 S SRR 1R s RS2 LA 2 W R B AL A 80T 0 R

6 JEMHEHEE SN AR
6.1 SE{RFEIK

T 4 A FLURR (1 22 2H T W R RS 5 4 5 1) 70 5 - R R R IRy, 72 % 30 A U R 300 HH o iy
PEWE 7y, JUHAERRR AR T, HMERRM A S HE ARG M EICRSE . BT, A XTEBEEEMN
FF AR SEAR IR R . T AR T 36AE TiZINbVAL i A& S a4 0E, JFE 7 AR 24tk
RE S BARAZ BESEIR AT 9T B SEXT TIZINDVAL =i & & a1 e i BIrE . MR SN
Jls BERURHAT T o0 M, RIZE &SRB R I, fuiditERe i s, 7Emim s s u
AR AN AN AR RN s BEJG, WHIFIR L 125 mm 142 KRR SRIGIESEES, 18
786 m/s [N, TiZINbVAIL =i & & ik Ll 27 1 29 Q345 R, H RS eH, 1uF T
U B T AR I v AT BJ5, ARAERRPERE I B, G153 7 TIZINbVAL =& 4
(1) J-C BB 4, R BUE A B RHRAIEARZE T TR, SR SR iy B 45 R S 45
NG, BGIE T ARSI B A EAR R T St . 12T 7T 45 e RS A i A e R AR R
HE T RS AR o

FESFARSEARTT I, 5 & B i IR R P AR S I BT AR AY) B8 70 T S 3 A1) SEpL AR 7 A4 FE R X I 1)
RS0 R R FIR, R A SRR FE ORI R M, AR ERE R A e
SERIHR IRFE RS R IR AR, oK HEFES B 20 A1 5% T S S 7 1)
6.2 JEMEA

HAT, AN K TIEVE G S0 A T4 3032343550, 531 G FL R, HLRIFM b
FE R VE IT 0] B Al TR 1 B Re - e R & 8507, RIS, A 4o %) v il AR sy A 99 ek A G
7 ey g g o A LRI SR S W I, A RAR T B R AR R . A,
NbZrTiTa il A2 BOE b o AR A5 b 53 i TRIP R4 SE BT 24T (1 [ ik, 78 3 v ik il e A AR
SIS BIAL, KR saxT B AR UIEIR BT ZE e ), R AR .
63 HHRE

SRR MR RE AR AL I F AT A% O IR, LOCBRAE T 245 B SEM KL R 75 5] G 2 R AR
PR R G 38 S A B B T 3R o X SR BB 25 1R AR FE 5 g 2 S50 A DA PR M, Lia 250651 i AH
TRERIEfR D 71X — MR, ARAT1E A TiZINbAL 1 R S & SAE R RL, did sk S i & &)
AHEERE, FEMEIEH) o2 MHROBTH, H14% 8K BCC Ml BCCHo2 XWAH (S1) &4, HRGWMRT 2
Fh &SNS RS . WFRAIL: XUH S1 & 4l i 3% sh A S A0 B0 7 i 2 B R okr
THHR, HXAE ST A &SRR H 1 Tiv Al S35 M0 5 A8 M i i 5] R R Z AR B, SRR
2 LA BB BB B A Rl X 3 AE IR FRIR A BE I RIS, U S1 & & Ja RGBT AR 3 T+ 3 %,
HOIR SRR, X Fha) Be-10 5 RE AR & S ML R T & gib kL s —BhRe S R IR, A%
RUSR TR TR R .
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G 2T BRI R IR T [ S L M RE AR, M LAE— B R R R IR R . a4
S E, SEE. RGMSIESERTIER R, B R R BT 1 2 T 58
MREMA R o T dRREE SR O IA L AR H 4 T CoCrFeMnNi B & 4, FF R HFE T MRS
AT RIS, PRAEARE T 3 J-C shaS A2 4, I LS-DYNA 73 Hll #1484 Al = 4
Ee MR REUEER, XTHATT 2 PR R BB LR R A S AR . BRI SR, S
A& 2T B R A B RS EOESRIIRIEAS,  FUERA I R 5 I 2N L B A I 9 (R AR
EEERN, TIGUE T =l & & fE am AL 545 S RE J7 T 1) 58 AR 34
6.4 ZRERE

ZRE S BRI — AMBAYE T — SR ST IRUR T (BRF) , LUE
SRR AR R, E RS SLI RS (EBUE) | A E I By SR BT
ITRELRE J, DA EREE SO BR Ik, ZERriut i e s, Wb shhetiste. FEAGMEMAR T, B
AR B BURTER BCC &4 A LRALAE AL, 1 H % RIFEALAE T ECCE & AR5t =
LS BT

Wang ZEI6758 18 HEAS AR KT AR BE AR 73X — P 5 . AR, 25 AR R A 4 rh X 4 )
BT AR v, U T S ) X G U R, RO MR T B A e T X R, 4
RN A A R A AR RV ORI R R FECSE M B B 4
AICTFeNiV. MD Bt —HAESE, 1% @005 & 4 b i SR O 40K 540 FMIE A8 2 T 0T [ b Fr sz
WEA e B e a2 RS, SOl T 08T “asik” 5 “4ixi
P BT, AT R SRR RE -

7T BREERE

PER— R AR BT B SSMANTERER I N &, Ml e & BA Wit am” o dik
Sikafai . GREGAR . GRPEANEERE AR R, W B S AN AT AT BUE A TR B AN 1
THEAR TE RIS BB PR, T DA, i & e m Ik L e s B AN B e 5 7 T EL A B e iR
TWEHEA B IR S . KREFTARY, SlaERshS st e, Hila R drkaes:
PE, FESRP TR IIRBOAE N RA R i, B, SRS E e st TR
PhiBERESEIRAT ST BL, MR ILAEIB TR etk MR GOIs. Ll & el
HIENH, BFEEERIE SIS AT shdrRse R e /e, B0 R SLR IS 2
J7 5 SERTE TEAN AN BB

(D mfaElEElidERs e, GemrEEMRERIRI. Hil, Siaeims
PACZ AT A BT RS SRS, R BUR . ARRAIBT T E A T A B 2 I A R 5 58—
PER TG, R S R AL 2 -0 AR AR R TR, SR AR R TR AT
HeAl, FEORFR R AR, 0 2 MoR AL CAnghoRiT i 5 SR AL B B DD, AT SR A5
FES I EVERER . i a e iR PR, AR T A IR B AR AR A
FRACRIR

(2) &AM ARNEIE R, TN HEE . I, MR G A 2 HL
I AR SEELEN ALY, B R OB A5t (B S AU O e v 2 Pk — T, ASEAR
SR T 05 < A B AR ZR Y ] A AR TEALAR PR R GE ST, R il MR 4 1) X 381 7 4 B
DXLk = G — VBB HE SR 7, Shana N Y01 FB oA . s 526 F L
HERMEH CngeoRir RS AR Akt e ERRIHANER . [, #es
AERF A I e I AR AT i o 2R MR BIAT N AR B R AT A A 2 35, SRR S0 UE S PEAR T 2 [ )i
WL 378 Ve RS T B

(3) (i £ e ook R B U 10 L L ATE 7 B L s i EL AT R A5, (ELERFY B R4/ i
LA PG 5 IR BOR W E . MR IERECNE Z, HUER RN, HER RS e
BREFTERAE, X b 12 b i & AR O Sh AT I 5 RAEAFAE BN BRI, X
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PRI — DR 7SI SR . 534t S e iR R s = g A, A AR
TCo FUHARE, MmN B A A4 L4816 B 2 ZR R BUL R T HE AL, iz b id R i
TORD 2 2 285 0 S O 75 v PR LR R AR T Wi ™ R Bk, DA T 72 245 B R WUPE RERAE BT B, X
MOBMBREAL] . RE R AR AR AR SR R SR 22 I KB s T BN R R o AT XX — PRI, S A iF /e Mo i
PRI G R T PORE5 BAR RURE, PEA e E RE s [FII, T S SR AL B A
PSS BTHRR,  SEEUMRHE shdy 8t T IR I Zh AR S R EE 2 BC, I B R T+ 45 H-
RERFALRR

(4) Fi G e drB e iy k2 MM EIT 8, BT, X R i S BT e 12
W SR A AN A o 2 BT A BB UL RE SRS b ol S NEAT BRI, i Ak S8 o/ i A
TR SRR T T A AR B 25 220, W IR R B R i m AOpb iz — phdiRBEReds
LA Re- A Re MR G HeAL, HATSRZ G0 — M SN B 722 R, b e (R I 43 b o s 45 5 12
IR BT WA TG AE P REEAERL. A 5 R M BB 772 S8 AR B AR T Ky
PR G PE ARG EEATBR, AR o 7 3R BT 35 22 e IO OV 5 A AN AR LRI » M S ) J-C A8
RIMECLGE— iR 2 RIS TR AR B, EAR MD BT 57 51 FUE AL,
FEM/SPH IR WA AT 0, (H2 H TS A R #5 RUEEAS B AR I Xl LIORE I 1 R Y
AR ALAFIRAL S S RN E S A

(5) & @ KT R 26 T2 RS, okl 2 KSR, ARG TR T 1) 5 8
ARl 2 AN L) T TRERLH o KRS B e B A ARIRAE v i 54 2 0 3 BU 98 [ -7 P AR X,
RARA BB K I FAT BRI PR ANE AL DX AT R AN e O B (AL IE V2 B A7, X Bk
VR MR R BT Do AR AL e ELIR DB T B AV R 207 IR b 7 KRS & g 4
TR AT CE AT 7 BSOS IRDME, T Pt [ A< 52 Al i 15 3 B s 1k, 1 BAERE AR
TR B s IR RS il e PR B 52 I et il % S e X BE AL PR T X A A B
JREIAR KN, RT3 I 7 A ) 40 < AR P - L - P B8l PR A O R AT $ . BT X R
JRST R AR e B v 0 B A ) 2 3 T, R 246 L A S TR 170 558 i L, ROR PR 275 Bk o
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Research Progress of High-Entropy Alloys in the Reactive Damage Field

YANG Le, WANG Kehui, DAI Xianghui, WANG Kaiqgiang, DUAN Jian, ZOU
Huihui, DANG Tianjiao
(Northwest Institute of Nuclear Technology, Xi’an 710024, Shaanxi, China)

Abstract: As a novel reactive damage material, high-entropy alloys (HEAs) have garnered widespread
attention in the field of reactive damage in recent years due to their excellent mechanical properties and
favorable energy release characteristics. HEAs not only possess high strength, high hardness, outstanding
plasticity, and energy release capabilities, but their material compositions and performance parameters are
also designable, enabling them to meet the material requirements of various application scenarios.
Furthermore, HEAs have demonstrated potential application advantages in aspects;suchsas processing and
forming, mechanical strength, and impact-induced energy release. In particular,/TiZr-based systems have
become a research hotspot due to their penetration-energy release coupling ¢ffect, and a growing body of
experimental results has confirmed the application potential of HEAs inythe¢-field of reactive damage.
Currently, reactive high-entropy alloys hold broad application prospects in areas,such as projectile casings,
reactive fragments, shaped charge liners, and armor-piercing projectiles. This paper introduces the
definition and characteristics of reactive high-entropy alloys, summarijzesyéxisting reactive HEA systems,
and reviews the current research status regarding the dynamic-meChanical behavior and impact-induced
energy release characteristics of reactive HEAs. It also outlines\the potential application fields of HEAs and
provides a preliminary outlook on the future developmeént'directions of high-entropy alloys in the reactive
damage domain.

Keywords: reactive materials; reactive high-entropy alloys; impact-induced energy release; dynamic
mechanical behavior; engineering applications
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