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Research progress on impact deformation behavior of high-entropy alloys

CHEN Haihua, ZHANG Xianfeng, LIU Chuang, LIN Kunfu, XIONG Wei, TAN Mengting
(Department of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China)

Abstract: As a kind of multi-principal component alloy, high-entropy alloy breaks through the design idea of traditional
single-principal component alloys, and shows excellent properties different from traditional alloy. It has a good application
prospect in extreme environments including high temperature, high pressure and high strain rate. Analyzing the impact
deformation characteristics of high entropy alloy from micro, meso and macro scale is of great importance for its engineering
application, which includes the influences of the element effect, macrostructure and high temperature and high strain rate
conditions on the impact damage evolution, microstructure change and impact deformation evolution process of high entropy
alloys. In terms of the effect of elements on the mechanical properties of high entropy alloys, the effect of the great difference
between the atomic radius of metal and nonmetal elements on the impact deformation is mainly discussed. According to the
micro scale structure, the high entropy microstructure of single-phase alloy can be divided into face centered cubic (FCC)
structure with better plasticity and body centered cubic (BCC) and hexagonal close-packed (HCP) structure with higher
strength. The microstructure of multiphase high entropy alloy is the combination of these three single-phase structures and
other phases. The cooperative deformation of multiphase high entropy alloy ensures it to obtain more excellent comprehensive
mechanical properties. High temperature and high strain rate as external conditions exhibit similar effect on the high-entropy

alloy and other metals. High temperature promotes material softening, while the high strain rate promotes material hardening.
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Some high entropy alloys have better mechanical properties at high temperature. According to the impact characteristics of
high-entropy alloy, the applications of high-entropy alloy in the field of national defense engineering impact are summarized.
The existing problems in the research of impact deformation behavior of high-entropy alloy are analyzed, and the applications
of high-entropy alloy in extreme conditions are prospected.

Keywords: high-entropy alloy; dynamic mechanical behavior; impact failure; damage evolution; micro-deformation

BBl | 48 K DA R E B A H R 0 & e kit 4 JE AT RL AR B B T R R . R T RBE SRS 4
SRR PR, T T — REV4E & & @ AR SR B Ok o IEAER, il A 4: U (high-entropy alloy, HEA)
14 HE A A 4 A RL B B S D M R R 29 0 R AR T — S iR . B A A 2 FoniR AR
TR A RN, CAEAR 22 07 1 2 AT AE B R A, B0 R BO LR & IR i — REHZ
—Ol B A SWA LGS S PR N £ oo, AL 2 AR FASEE &NR L. EhE
IR SRR, 45 45 A AR LR AT 22 18] A M A P o8 0 4 2 B0 — R 2 A 380 ), BF 5
AUV R B IE SR, R AR SR A B LA B A7 # T B P B AR 22 W RS T, A vk D
PEPE R B2 TH 2 A 4 SR B, B KT s A A T N S L R A A 1 A AR 2 i R A%
AN T A , 50 e b o AR TR AT R R 2 B 25 T 244 T o RO SR SRR 1, X R A B o 5 4 6 R i
SR N R BhAS I N AT B4R SR

AR B A A BA 51 12 RE, (RO AR TEAT S W X /0, T e A 4 1) b b AR TR AT R S5
M A Sh A 6] 972 45 . 02 i R SIS ) SRR 3R . i i 0 B A R AR 2 A R 0 2 5k O 1
Je I FLAT = R ) DA SE e TR S IR A A RS M R S O i AR SE U | SR AR
LA % P 35 B0 0 0 2 U e 4 S AR PR BB 10 D E AR DR R, PR A SCrfolég DL i 5 6 4 1 o i AR B AT
N R B TR X G, MHOULJZ 1T A T 20T . 40 L2 T 4 A A 85 A 2SR LA e e YO T e I A R e T A R
M) 7 TR, R 3R v A A i 1) o il AR T AT O, DR VA 98 R A A i A R R AR, R R s b AR
TEAT R R5T B A7 TR 14 ) J A B A SR 1) 2 J 1l

1 SRAETHITANTRERIN

A& 555G &R EEN X HITE T HZ ook, WS AT R e A2 A b i gl o], % —
W ETTF RS A SN R RIS . HEX @G SRR A, h TRA S SNEGEE 1%
PERE, BFFE A BB A AE S A & TP IS IS [F ST 3R, R BORE R 38 & AR i e A2, AT AR T B 09 57
FEBA T, SRR RS T MR A S WP IERE T . SRR G R AR SRS A & or R BB
AR CEPAS AL ) o i, = I 4 CrCoNi A9 5 i & F 17T Cantor & 4 (CrMnFeCoNi) Fl T A = Fi Iy
JLA 4 (FeNiCoCr, NiCoCrMn il FeNiCoMn) . [f] B AH [F] 70 2 & & 10 & 4 2 A I 5 AN [F] 1 5 3
FeNiCoCr H5 & K T FeNiCoMn, CrCoNi Y5 [ MnFeNi K182 . ma 40 I F AR R &40
BB P 1, T T R B A e (1 U R e A {8 S DG A G 1 o0 2 AT AR A A
o BT LRI NI R MY IR B FEAR m A A P R T EAR R KON, WL NI R S 2 AL
Mn % KR 2R T 4RIt E; C. 0 S/ AR TS Bt & .
11 ARJTERRAENEHEETHITHNEN

FETF FeNiCoCr Ei i & 4, TR USSR FP S LA K He 9 4 42 i o0 R0 Ly 244 s i, 1 1 ~4 &
/KT FeNiCoCr, AlCoCrFeNi Fl FeCoNiCrMn {4 & 4 7E 80 45 fr ik T B J) B A2 F# 1k . Zhang 451 A5
T FeNiCoCr =il 5 4 W # sl 245 J1 2 M Ak, FLvf i A J Ao B RN T hras B 43 3110 217, 830 MPa, | 4 A%
R 6000 s B, Bl AR FE FPTHL5E BE 4 A4 T 2 440, 1000 MPa, Wang %57 £E FeNiCoCr {4 1
IR LI AL TR, B6E T R A & n kg H, Ko g w2 5. FHE" 5L+ AlCoCrFeNi
R A N AR RN I sh A T 2R, B AL TR WA B4 5 T FeNiCoCr il & 4 i i A58
BB, M0 AR IR ] 2.53x10% s B, 3R (%) JE ARG B2 24 1 900 MPa, Wi %458 & 2 618 MPa, W24 AF 0.34,

041402-2



5 41 45 Wit S5 a4 oh i AT AT ST R %4

/NEE SR ILF AT FeCoNiCrMn & & 4 1 3h 45 11243086 & B, Mn JC & 19 i1 A ST FeNiCoCr 5

W b U RE T OB TR AL JTE S, AR AR 1200 57 IF 1 495 MPa 3 1% 2 800 5™ I ) 683 MPa,
Wi %455 1 1 000~ 1 200 MPa 42 = 2] 2 000 MPa, i 24545 24 0.38.
1400 3000
ﬁ)/: 22405 25305
1200 + 2500+ %0 <
Incomplete e
< 1000} ’\5 records < /fz 090 5°"
& £ 2000 — "”Iﬁj
% 800 | % = 1057 5
= —— 104! £ 1500F
é 600 - 102! é
= ST & 1000
400 ——1000s™"
—3 0005 500
200 4500 s™!
. . —6000s" ) ) ) )
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4
True strain True strain
I 1 FeNiCoCr il &3 &y 2P fg! 2 AlCoCrFeNi il & xifish s Jy Atk A
Fig. 1 Static and dynamic mechanical properties of Fig. 2 Static and dynamic mechanical properties of
FeNiCoCr high-entropy alloy!'® AlCoCrFeNi high-entropy alloy!™!
2250 10
® Manganese-containing HEA
O Aluminum-containing HEA
£ 1500 ~ &
= , 2/800s! © o o e
] 27105 3
o
= 750 + e
' | 12605 "
12005 ) ®
: : : : 0.1
0 0.1 0.2 0.3 0.4 0.5 10°  10° 10" 10! 10° 10° 107
True strain Strain rate/s !
Kl 3 FeNiCoCrMn ki & 4 828 1 2= e fg™ 4 FeNiCoCrMn 5 FeNiCoCrAl & 4 b PR REXS !
Fig. 3 Dynamic mechanical properties of FeNiCoCrMn Fig. 4 Impact performance comparison between FeNiCoCrMn
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(a) Comparison between pre-loading FCC-structured (b) Comparison between pre-loading BCC-structured
manganese-containing HEA sample and sample aluminum-containing HEA sample and sample
recovered from 11.7 GPa recovered from 10.4 GPa
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Fig. 5 TEM images showing different microstructural features in the deformed and undeformed samples!®”
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(c) Comparison of yield strength between the
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Fig. 7 Typical true stress as a function of true strain for Fig. 8 Compressive true stress-strain curves of the AIFeCoNiC,
carbon-doped Fe,, ,Ni;, ;Mn,, (Al Cr, HEAs™! (x=0,0.02, 0.04, 0.08, and 0.17) alloys at room temperature!*”

Xie SEPY RIS 410 (MA) FLEZS BUE R4S (VHPS) AHSS G 10715, G T CoCrFeNiMnN,
A A, WE 10 iR, S5AHTE iR 7= 1 CoCrFeNiMn = ki A 4 40 EL, i IR IBE 7 . A% BRAT R 5 2 43 31
f&# 1 203, 115 MPa. %5 & B LU & A A B Cr,,,Cq BRALY), H 28 IR B AN 5 it o A AN
Cr,N A, Z A BB A5 4 00y 2 MERE TR BB B AY ST Chen S5 BIF5E T ZrTiHEV, (Nb, ;0,(x=0.05,
0.1, 0.2) 5 4 LU Jy 24P B, I UE S 280501V M A6 o A 5 e 1 Ak v, e s iR R R iR T, 2005 e Ay 34
TSGR T 55 B0 I o A AR, e I SR R A 3 BN, LT A4 SR A AR, A% Tl B A 4 P LB A S
EEL

PRI, JC 2R 22 5 it AN [ i A M B 22 e O AR AR ISP, 0 ey RS <6 i o0 3A AL w8 0 45 <6 B9
it IEAT MR, R A SR W] A AR AR AR . L FeNiCoCr S R A & i 5
SR, T LU AL TR BT T2 5 G vh il 2208 0 s AL S 8. AR AR, /)
FST A 4 0 2R B X o 40 5 <6 50 B8 A9 5 TR B2 v T R RS e T DR 3R, mT LAV 45 g (] B2 131 37 5 1k

041402-5



%41 % Writie, 45 il E sl AT AT R %4

RO R T [ o i AR o TR R R A < vh e AT O RS R ] LU 2508, i R AN R RS LA
BSR4 1B 45 5 Bl 8] B2 rp ™ A SR IR AR, R RUSE A /N el A WA £ R 2R R A O ()
XFF IR I3 A B35 S HAT B A R0, B AR RE 32 il ) o 8 o o8 2 07 i B2 it X B L B A 4
X, FEZ W _ERBL R BBV ASTE UL R IR I 3CH 22 5, S S i b i e A8 I AT o F AT 1] B 11 7 i
ASEONE B 08 < VR SN AT ) ) 2 Ve R, T2 R B 7 i RS TR B ) 22 R R A R DL
el , A S R B 5 A T R v 0 B AL 0 LA AR ik A RN B L IR R A A it — 2

(e) Images of ID

(d) Images of DR

K19 AIFeCoNiC, ki &4 I 11 4 a4 i S A5
Fig. 9 SEM micrographs of fracture surface of the AlFeCoNiC, high-entropy alloys'™!
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Fig. 11 Inverse pole figure maps showing deformation twinning on the CD planes of samples™!
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(a) The sluggish motion of dislocations  (b) TEM images at an early time (left image) and a late
in a pile-up, where the leading dislocation time (right image) showing massive cross-slip
was obstructed by a strong obstacle everywhere in the dislocation pile-up
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Fig. 12 Dislocation and cross-slip phenomenon of TEM""
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(a) SEM backscatter images of the Nb,sMo,;Ta,sW,;  (b) SEM backscatter images of the Nb,;Mo,sTa,s W,

the V,,Nb, Mo, Ta,,W,, (d) SEM backscatter images of the V,\Nb,,Mo,,Ta, W,,

(c) SEM backscatter images of
Bl 13 Nb,sMo,sTa,sW,s Fl V,(Nby Moy Tay, Wy, G4 fE 1400 C HEARARTE J5 (41 i i B2 1 1 4

Fig. 13 SEM backscatter images of the Nb,sMo,;Ta,;W,; and V,Nb,;Mo,,Ta,,W,,
alloys after compressive deformation at 1 400 °C!'"!
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(a) An overview of the dislocations (b) Two-beam bright-field TEM (c) Two-beam bright-field TEM
under the indent. images of the boxed area in (a) images of the boxed area in (a)

(d) Two-beam bright-field TEM (e) Two-beam bright-field TEM
images of the boxedarea in (a) images of the boxedarea in (a)
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Fig. 14 Dislocations induced by nanoindentation™
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Fig. 15 Sequence of micro-processes in the TRIP-DP-HEA™!
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(a) The crack was nucleated at one end of the (b) Cracks were nucleated at the BCC (B2) and

BCC (B2) phase and propagated through the FCC (L1,) phase boundaries and propagated
BCC (B2) to the other end along an orientation of 45°

K16 FREEEIZER T AICoCrFeNi, , B 4: i BCC(B2) AH KA [l 2dpsist 0
Fig. 16 SEM images showing different fracture modes of the BCC (B2) phase in AICoCrFeNi, , alloy™”
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(a) SEM image of the as-rolled dual-phase (b) TEM bright-field images (c) TEM bright-field images illustrating a
steel microstructure composed of illustrating a high dislocation high dislocation density and fine
ferriteand marten site density and fine carbide carbide particles in ferrite
particles in ferrite
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(d) Marten site morphology showing (e) Marten site morphology showing (f) Uniaxial tensile response of this steel

packets, blocks and laths packets, blocks and laths

B 17 SUHR R A 85 T2 v
Fig. 17 Microstructure and tensile properties of the dual-phase steel™

ing
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(a) Mo-reinforced (b) Ta-reinforced

B8 80% 4225 A bHEHIIT 207 450

Fig. 18 Fracture morphology of 80% wire composites™!
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(a) Volume fraction of 50% W particles (b) Volume fraction of 80% W wire
FE19 B 50% F9I0RL SRS L 80% HY 223G TR ZrNbAlCu, s N, o TG S HERIZS
JE45 )5 BT R4 SEM OV R

Fig. 19 SEM micrograph of the quasi-static compressive fracture surface Zry,NbsAl,,Cu,; ,Ni,, ( reinforced with
volume fraction 50% W particles and with volume fraction 80% W wirel*

(a) v=1 177 m/s

120 B2z sm Ak S a A AP SR AR SRS AR A T S A R R O
Fig. 20 Metallographic photos of the longitudinal section of residual WF/MG composite rod nose”®”!
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(a) The cracks along the shear bands (b) The cracks induced by the coalescence of micro voids

Bl 21 FEASRAER R T AU

Fig. 21 Scanning electron micrographs of the cracks in the specimen*”
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Fig. 22 Variation of yielding strength with strain Fig. 23  The yield strength and the flow stress at 0.05 offset
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rate for two distinct regions strain as a function of the logarithm of the strain

rate applied in compression loading!*®!
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Fig. 24 Variation of yield strength with strain Fig. 25 The yield strength as a function of the logarithmic strain
rate in two distinct regions!"* rate for the CoCrFeMnNi high-entropy alloys™*®!
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Fig. 26 Temperature dependencies of the 0.2% offset yield strengths of the CrMnFeCoNi (HE-1) and CrFeCoNi (HE-4)
alloys tensile tested at different engineering strain rates!*!
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Fig. 27 Engineering stress vs engineering strain compression Fig. 28 The temperature dependence of the specific
curves of the TaNbHfZrTi alloy at different temperatures®*! yield strength of the TaNbH{ZrTi alloy®”
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Fig. 29 The true stress-strain curves for the CoCrFeMnNi HEA obtained from isothermal compression tests at various strain rates”>”
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Fig. 32 High-speed video frames of deflagration process of HfZrTiTa, ;; HEA at different speeds"
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