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Abstract: High-entropy metallic glasses, combining structural disorder of traditional amorphous alloys
with the chemical disorder of high-entropy alloys, exhibit excellent thermal stability, magnetic
properties, corrosion resistance, and biocompatibility, positioning them as a focal point of recent
research. The concept and origin of high-entropy metallic glasses are firstly introduced, followed by a
summary of their composition system, preparation methods, and various properties. The reasons for the
formation of amorphous structure in high-entropy metallic glasses are analysed from the perspectives of
material system and preparation methods. The mechanisms having the good mechanical properties,
thermal stability, and corrosion resistance of high-entropy metallic glasses are also explained. Finally,
high-throughput material design using material calculations is looked forward to, with an emphasis on the
exploration of composite properties, coatings, and other new preparation methods. It is also pointed out
that solving fundamental theoretical problems is an important prerequisite for promoting the development
of these materials.
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N GOR S r RS S AR A A &b B2 T R R
4 4 (high-entropy metallic glasses, HEMGs) iX —
LAAER A &M AR ZH S &R A & m IR m
B A AR, A 2011 4, T AR B+ U4
TEMAESEEX -, 104K, LR E
WFN U Z M R AT T PR R VIR T — &R
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G BT RA ZR A T X R A ks R RE R R R AT
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m AR 10 04 Dt DR DL R P G O S R PIL 3L, SR B 1 i A )
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TRV W AR A e I, — i SR 45 J 7 el
TS T LA S T R AR R I — MO S o 5 -

KE&EBITRMWER ., — MBI aE &G &R U
A MAE M A SRR A IEM A SN AT R R
P T Z RPN E R T RSF KRR It R Z 6
TR A5 0wl AR o il 5 K22 I A T & i i ¥ % oo
R RITE 5 b U T R RO SR E 0 4y 4
JBIOTE AL Ga IR T R U MK S BOTER . B LRk
SHKITLEAMABMA TR HWIEREGEER 0
B LR o fE L LR b, 38 2 42 Ak 1 53 AR AL T 25 8 e
(8 75 =X A5 BIAH I Y s 0 3R G R &R MRS Y 803 1A
RAER RGN o AR AR E S AR & A S IR
WA AR 2 AT WL Y i R 9 G it AR AR R
ZryHfy; s Tis sAly, sCos (NipCuy HE AR F A 4, R &
Be, (H H 3 5592 il i€ 71 (glass forming ability, GFA) ik
FE A (HAR 18 mm) AR 1. 77R., KRR E
A ZriHis Al AgNigCuys, ZrssHf TisCus,Niy Cos Al A K
LayCexsNiCos Al 55, 35 B A i 1Y R i, Hg i 8
e o | YR v R

ETM: early transition metal
(lB-VIB)

Ln: lanthanide metal
LTM: late transition metal
(MV-1B)

BM: ITA-VIA metal (In,Sn

Ti,Pb)
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Fig. 1 Design schematic diagram of amorphous alloy elements
(the numbers I -Vl in the small circles represent different

amorphous alloy systems)
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Table 1 Typical system of HEMGs

Material composition D./mm S/(Jsmol K1) H/(J-mol ") T,/K ) Ref.
TiyZrsHbyCusoNiyg 1.5 13.4 —27.2 658 10.5 [13]
Tiys 7515 Nbys -Cuys -Niys Beys - 1.5 14.9 —26.0 684 11.9 [14]
Fe,-CopNips(Py -Cy 4By o) 1.0 13.7 —28.1 674 15.0 [15]
ErsGdi5Y,0Al,Niy, 2.0 13.3 —38.8 633 14.4 [16]
Pd,,Pty,CuygNiy Py 10.0 13.4 —25.1 580 11.0 [17]
Sty Ctny by My Zn,oCuyg >5.0 14.5 —7.1 351 16.6 (18]
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BT R A e e a2 ua™ e A i
S chEr W FRE®&MEIES A& NI R
5 4h 740 26 B BE o Jiang %4 T ot 2 dEBA W
AlCoCrFeNim i dEdb & 4 . M\ AE/RIL N 1.0~3.0
B, 76 AR TR B9 P A 25 F F %A 4 10 i BT 5 R Al
N AN R, I H AR A 1 A B R S A
SRR TERE . Li%E R OB B 4 T TINISI-
CrCoAl = fi AE db ¥R J2 ¥R J2 th 3B & A AT FCC A JE [R)
2H B, WY R BRAE S AR A R T4 v TR 2 ) R A AR
P AR e 3R A 58 2 HE A IR 2 A Tk — 2P .

KT R FAE G &It A 1 S8
U A B bR, AR R A SR R R T & R
Bl DA, 75 5K S 3 ml o 491 4n xE 4% 4 J& (Nb, Mo,
Ta, W &) EI0IE B0 & A 47 = il PR 5 e it
LR Y 2 SRR M R BT e IR AR Tl P A e R B Ak
PERE , A B T A5 02 A R LR YR ALAk ATk iy
e T 5 R M BE RN S A . 7F VNDMoTaW ¥ )2 H
ACrfIBICE , ik 20 BCCHIFE A M AE 454,
TV 2 IR = 15,9 GPa, HAE 500 ‘C25 R 3 58
FAREE L h, FHH R a9 R e M i CaMgZn-
SrYb i AE M A AW H T AW BT J5 I %M BHE /N
B N AR & A A W B A LR R B ROPE T4, Ui
ZA R B R etk S R A

DAL ok, AR AR FH A S5 1) 9 e i R R RHAR R R
TEI7 8 W mT LUK & R B 4 1R R o o DA 1 4
Jo 1 5 4 B AR A R R LR AR AR
F ) FeCoNi m 1t £ 1 J5 i ¥ 4 J& (late transition
metal, LTM) % 4 J& #& &, DL TiZr/TiZeHT J 4R
BRIV 42 & (early transition metal, ETM) % 4 &
13 P CaSrYbMgZn i 32 B 4] o R (1 A= W)
EHMEHME R UM AR IR ENZH K LR
(RE) & R DL K = & J@ /M & 08 & HoAb & 9 1k
N e s RN TTRCID A BA - 0 K 95 W IVA
FHIY AINTY Co(Zr/Ce/La) ™7 DL K o 1 o i $ R g
PE AT JE Pl R R TiZrHENITa ",

2 H&EAK

2.1 EZEIELKk

H AT S A A w0 AR d A 4 — R T B 25 H 9
(vacuum arc melting, VAM) Fl 4 #5 ¥ & (copper mold
casting, CMO) il & & 4 FF5E (HAE & & MBS IE )i he
A R LS BB R A RS BRI o Xu 597 SR A A5 5 1
il # T — F 5 FessCouNins (P 505C0 10580205800 10.5) 25
AR A e B B A ORI AR 2.0 mm,

WA A A R 0BRGP RN A vk R A g Ak o
27 0.80~0.86 T, ¥t H Ja Ik 3 & >y 2970~3076 MPa.
K R RE A O A B Zr, TigBeyCuoMs (M=Ag,
Al, Ni, V, Cr 1 Fe) 1 Zr,sTi,,Be,,CugNi Ny (N=V,
Cr,Fe, Ag Fl A1) W 2 4 B B8 AE  m M R B & A
RREHS A F] 6~15 mm. HH, ZrTi,Bey,yCugNiy Crs 5
4 1 JiE IR 55 JE F5e 8, S 2038 MPa, i Zryy TisBessCuyo Vg
G e I R4 SN A%, B B AF ) TR AR RE
TiZr Z 09 & R b G 4 fO% i 6e 71 B 558 T FeNi
U HE TiyZrHi,Bey(Cus (Niy, o) il A 4 B
A E N GFA, L3R B T, 0. 608, I Hix &
G 1 AR IR ) T 30 mm, S B AT B A K Al B A
AR A 4. FRE RIS NI RN, &4
PGk S R IR e R 2 B T R SRR g,
BHIF A G2 22338 L1 Srp0Cag Yo MgaZng, & 4 FF 3
4y Mg, R FH .25 W gIURE B0 04 A5 14 2001 46 FeNiCrMo
(PCB) HUIR 4 J8 B 35 K &, B AT SR RO B ok 88 i

18,44
30 mm!

S T A AR Y PR B AR AR A AR R, 7E
£ AR S A A i 2 R L A IO e+ A
V3% (melt-extracted method , ME) 7 3 il & 4537 , T
XF A A PEREFEAT R I, Panahi 28R J1 4 1A e v i 1
Wi ST B A Si7E (FeCoCrNi)-(B, Si) & 4 41 & &
SRR, & BB SR T 805 B 10%6~20%
M 5% ~15% , BEAETE o8 Ak M 45t . Wu S5 e &
afi JE RS P AlCeLaNiY & & ke it HE b =
A AW, DU PR o 1 A SE 3 S R AR TR
10 pm, & 0.8 mm Y 3F & #i4 . Luo %7 R M Gd-
Th-Er-Fe-Al 7t R 4% — & L il & 00 s i E 5 & 4
A ELA B I BRBONE , TE T YA b R 4
IR AR N I
2.2 HEBHEAR

H T ) B R ST 1 e 0 A G s B A3 TR U
H BT 58 35 2 1 e KRS TR K 0, Rt i &
G ) B BT TR B 2 R A v L o o A Tk
i AR (magnetron sputtering, MS) J& Fl| | H. A5 — & GE i
14 725 BE KL 22 o R ) 9T Y T i 2% T I B R
T N 5 2 T Sy B 0 A A sl B A AE AR L
R RIS . AR 2 % S A m] 43 o0 ELI L (DC) AR
(RF) il 7 Th & ik oh (HIPT) 3 Fh & 0L A9 26 51 . H A 3
Fir 75 38 AT o Al S R . Hsu %0k
JH S 50 4 T ) 1 £ T CoCrFeMnNiTi,  AF & B,
o R 5 B R 2. 82 GPa, Wi 2458 il 4. 44 GPa, Wi %4
NAR KB 12. 4%, A RAFIY J1 2% g . Fritze 5
K FH T F B s I T A5 T HIND TV Zr (8 3% it
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fEER T R E 2R mai i, i A5 6.5 GPa, Xu
SEUTOR R o 3R K b g 0 R A T AICTTIVZe
I B, DT A R IA E) 67. 8 nm/mim , i K AT BE
k%] 13. 3 GPa,

B T 4l 4 s e R A Y s 0 AR A R b n] R ot
M E RS C LN, O il 48 i HE di Ak & W B, DUAR
5 v o R v A R € A TS P S kv SR R
PEREYY .l AE AICrTiZrHE & 4 W I b 3 i N ot &

A4 W IR B I 3K F) 33,1 GPa, FESE N B35 0. 5,
& BH 1% T I EL A A A T B R AR . 3E VR i C R
TLOERR/ SR R 1. 3 il £ i (CuSiTiYZr) C 3
R ELA 58 A AR S A5 A8, LIRS B AT 1R 1 T JA ok 1 AR
Tiif s 4 e o
2.3 HBABE

4% B (laser cladding, LC) J& — Fh {43 J& b ik
& BETE BT J2 0 il 28 75 =0, 8 BT 5 0 b8 Rk A £ i 4l
R BR [) A 326 ey 1)y 2 s A S T A i v RE B O O
FON T Y B AR T R S AR IRED
%07 XA AT b Y 2 ek v s & Al L B AT T
VL i R B v TR A MR RE L BT AT A [R] T A B
Mo 5B, 28R E R 7E 100 pm DL L, 75 8
R b A B AR L BE B AR T A &%, BN 5 R
EHEA THEESRENAH. PS5EE0NIEREG S
TS 220, SR HIBOG 6 B2 1 45 19 FeCoNIBSIND 4 42
WEmAE S A CFCC M F1 (Fe, Co, Ni),B A4 AT,
AR )2 A7 AR S A, E R DLl R B SR )
11.9 GPa, HA R 4F py it B FFEW , B 54
Ve U TR B ME 9 FeCrCoNiSIB & 3 fh 8 &2 4 1% 2 i
LR A9% MAE MMM FCCHEIRES A
B Ak B AV AL B0 90 T 7Y BCC AR 2 ) 28 8 & AR J2 Tt
F ) R R A Tl T TR O B R R A
L e A W R R o A Y (S BB O
3. 5% NaCl¥ Wi H as il Ak 7o 2= 47 B B i i il
A7 RS AIG 4 JE olt el 3 2 R L e A Sk bl e i 4 T
RS AR, B WE ST BB S A AR B
B a0, LS o ORISR & T R IR
Bk ) 97 % (1 TiINiSICrCoAl F AR & i 2, T A
A PEAR®S T Ti-6A1-4V FAA$R 5 T 65. 1475,

JRUE WO B HR B R N RS A R B
I/ (51 I = 27 = N 115 0 Ny 1 £ 5
IEAGE A T R R 2 B4 o B, 24 E s R
A TR J25 1 F 9 T R 328 97 A 1) M5 2k 7 o Chen 557738 53
FE T RORLE A WOCT A T & A IR Ak A
) (FeCoCrNi) ;sNb, BeSi; i )2, i )2 h B 4Kk FCC A8
FEE SR AH P = T R R

2.4 HftH&EFK

1 1k 2% T X (electrochemical deposition, ED ) 42 i
AR A A A WY ) —Fh X Soare R A
AL 2= DU L] £ T AlCrFeMnNi fil AICrCuF eMnNi
PIFP AR R o A R b R B, BRI U RE g
T b 2% v AR A AR (R E R R T R 2 R TR
LB AN, I Bl T 5 AL 22 S HfE DL A
BB AT B A A R DR BR T B AR DL R T2
W

ML & 45 1 (mechanical alloying, MA) & il £ 3k
VA A G LA G Ak R — Ay 5K R AR B AR Uk
TE 3R of T v O T e A Ve AR T L OF R AR R T EE
s [E A RO IR B e ry B . B SiA Mn i3
38 HUAR & 4 1 5K 5 ) FeCoNiSiMn & i JE
v A 0 R F A AT A8 Sy VA AR+ R AR A, Sang
SEUOSR PP A A LB SE T Ze Xt Zr FeNiSi, (B, o1& &
HAGYEREM M . S5 R AR IBEE Ze U, AE fh &
A BT, OF BB K Zr, ;FeNiSi, B, s 7€ B & 180 h
JE AR T AR A S, AR ETE 689 CA A .

DL il 8 7 U Bl g 3] 3 21716997 40747:50-52.00,58.60°621
o SVBYSR UL, SR &S a T DUOAR 40 A (A R R A
Sy P CHERR U 2 RUR R AR 2 L B iR 0 v IR
in e e BN A T2 S AR S B 0 Ry BRAE 5
MELABR AT KB RAT 196 4 5 B X0 m ik i & &
e dh &, RO EOR AR RN HMELITE R 2
s, N g 5 o R R TR J2 BAR A & B
W, JEL R LA RE — S A v JEE 5 R e PR B H R
O W B 1 ) A 2O DA AR A BOU% B AR S B s 1
Ak S A W )E T BT RO & O X R Rl
FEWX—WAERRIFLENBERAKZ , Ak 8
BRI )= .

3 SHEREGEMERE

2B 0T R A e R RE RO BF Y S AL gy R
dh A T AL, B AR PR T s MR RE R AR E
P LR T 6 o e 2 o b R AR A A i ) A R RE
DA Rz FA TG E P AR A T AL S i AR S & i s, i
Fe-Co-NiZk Rl i & & 54 5 Fe AR M & &1 2
AL AA BT 5T 00 T A
3.1 hFikse

SEGEA MG &R, mEAER G SR AR
JyoE R RE v BE R v o R R G s S L X T
B B2, R U R OB O R R R . i,
Wis 5o T ags s1Criy ssFers s Nius. o7 A 4 W B 1Y S5 R R B2 oy
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Table 2 Advantages and disadvantages of preparation methods for HEMGs
Method ~ Composition D, or phase Advantage Defect Ref.
VAM+  ZryTiyBe,;CugNi  Crg 6 mm Achieving high-throughput preparation Not  suitable for low [7]
CMC TiyZr,Hf,BeyCuy Nip, s 30 mm of alloys and facilitating exploration of melting point and volatile [37]
SrCaYbMgZn >2mm material systems elements; limited in size [18]
Fe,;CoysNips(Bg 6Sip 1)ss 1 mm [32]
ME AlCeLaNiY Ribbon Prepared alloy is easy to characterize Not suitable for most [46]
Gd g Thy ErgFe Alys Ribbon its performance application scenarios [47]
(FeCoCrNi)gB;Siy, Ribbon [45]
MS (AICrTiZrV)N FCC+AM Composition and properties of thin Low target utilization; [52]
(CuSIiTiYZr)C FCC+AM films can be flexibly controlled by limited film thickness [61]
AICrTiVZr FCC+AM changing the process parameters and [51]
HINbTIVZr AM target composition [50]
LC CoCrBFeNiSi BCC+AM Rapid heating and solidification; high Poor forming; difficult to [62]
Fe,;:CouNiys (B, ;Siy 5),; BCCHFCCHLaves +AM bonding strength and good performance control matrix dilution rate [ 55]
(FeCoCrNi);;Nb,BgSi;  BCC+FCC+AM [55]
ED AlCrCuFeMnNi FCC+AM Process is simple and easily operated Difficult to find the ideal [58]
with low economic cost electrolyte  composed of
many kinds of ions
MA Zr, ;FeNiSi, ,Bg 4 AM Skipping  the mixing of liquid Range of selected elements [60]

components makes alloy composition

design more flexible

is limited, and the powder

morphology is poor

20. 6 GPa, H i B2 )4 ) T rp BCC AH (402K &
e AR LR SR E . — RS R T R & &
XF A AR A A A I A S e A e A SR T
B & %F (Fe, Co,Ni, Cr) o_, B, (x=18~26 ) i i 1
BAEMFEW, Y B R F 0 BOTE 21 % I 1 B 45 v
K F) 1130HV , {H 4 1% & B, 281 CrB, U0TE ,
RAEM &AM B, Cromc ZAJEMM TR E, R854
Tl i R

SR R R R o N e s S R
Ti-Zr ik & 5 Fe-Co-Nifk &, — 2L AR & &K R 10 )
VERE S B g 3 s s Ding
% T TiZrNbCuNiBe /& i IE f A 4 P A, o v 4 i
# ik 120 GPa, W 2458 & ok 2064 MPa, Cui %% H
TG A5 W 5 0 45 T ALCTTIiZoeHf 3 5, B 28 AH X 4% 5 L 3k
) 11.9 GPa, I H B A 262.3 GPa 1y i o 1 45 & .
FeysC025Niss (B 1Sio 5 ) o5 i 0 AF #f A 4 B A L 5 15
Jet R B A B 3624 MPa, {H Y8 PR AR, 58 0 AR Ny
1.7%, oAb, i ot o O R & S s A IR
369 (FeysCo15Niys) 0 (PraBys ) oo ARG 45 it IR 58 BE ik
] 3000 MPa, ¥ ¥ 5 A8 Sk 456, e FL w5 5 v 28
MR MR 3 AT, SR G A AR v L
AN, RZ RN AR T 2%, D ERE IR B 4 00, 3X
JEAZA A F 5T T R A DR — KOME A, 1 T B T A

HMTHATIRAIF ST
3.2 HMBETEM

MG LR oS fasE e m i AR A 4 — A
352 v 1Y o A TR RV B ) 3k A VAR X T s A IR
S TR —-FumIER e 4, HAAREES, H
IV WA DR S PR, AR A A B R R
FasE P o (Fey 55C 002Ny 2Cro 1M g, 125) 100, B, (x=16~
31, JEF oy 8/ % ) m Ak B A A BA Bom i s e R
JE, DULES — S AR B AT IR K Ab B & 3B R T L
R 209 F1 25 %6 B FUE BT AT AR SR 9 FCC A, T
B R F 4380 25% W m AR f A &8 BT dhobn RS
XK 5~10 nm () Mo,Bo M, UL BH Z 1k = HL A B4 1 #4
FeE PE . NDTIAISIN (= i W7 5 2 Bt Al &b 45 44 A
R4 Al 3R i 1 BIGE E 700 CRY W IR R &0 24 h iy
PR B AR S 45 A7 . L 4h , FeCrMoNDbB Fll Fe-
CrMoNiB P 7 AL 1 &5 48 3E &5 462 78 600 “CilR K e,
AR AR v Al b i AR e R

o T it — R T m R A A i R o
A LAY FH T TR i R e A R i S R S N Ta, HE, Zr
EEIE IR R AR S L AR SRR
NG R A ARAR AT S M LM RE . B AE Ti-Ze R R
i 45 s HIE, Ta ot & il 45 1Y Zra, 5Tl sNis sHE, s Tay,
HaBAEaAE A, R ERBLE 745 K A9 5 B 58
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Table 3 Elastic modulus (E), yield strength (s,) and
plasticity (g,) of HEMGs at room temperature

Composition E/GPa %/ e,/%  Rel
MPa
Sr50Cas Y bayyMgoZny, 22.8 0 [18]
St50Can YbagMgsZn,,Cuyg 24.3 0 [18]
SrygCatgg Y boo(Liy 55Mg 45) 2020 16.1 383 25 [18]
Fe,sC0,5Niys (P ,Co 5By »Sio ») s 2970 2.1 [32]
Fe,;C0,5Niys (P ,Co 5By »Sio ») s 3076 1.9 [32]
Fe,:Co,sNiys(Py ,Co 4By ») o5 2817 1.1 [15]
Fe,:Co,sNiy(Py :Co 3B ») 05 2850 1.2 [15]
Fe,:C0,sNiye(Py ,Co 3Bo 1) o5 3210 0.3 [15]
(Fey5Coy5Niy5)50(PuBys) s 3000 4 [31]
Ty 72115 ;Nbyg ,Cuyg Nijg ;Beys ; 2330 0.5 [14]
Ty ZrsHEyBesyCuyr Ni, 5 101.3 1943 0.7  [37]
Ty ZrsHEyBeyyCuysNis 102.8 1992 0.6 [37]
Ty ZrsHEyBeyyCuyy sNi; 5 106.3 2005 1.6  [37]
Ty ZrsHEyBesyCuyoNiy, 104.6 2019 1.5 [37]
Ty ZryHEyBeyyCuy sNipy 5 104.9 2067 0.3 [37]
Ty ZrsHEyBeyyCusNi 5 104.0 2088 1.7 [37]
Ty ZryHlyBeyyCuy sNiys 5 104.0 2094 2.7 [37]
Tiyg 1Zrg JHl Beys ;Cupg Nigg , 124,02 1943 0.6 [35]
AlyyCryg Ty ZryoHiyy 262.3 [53]

AR TR R 67 K1 B 3k ¥ YRR DX ) 2 — T A 11 A
B 47 k1 RE Y . % P GeNbTaTiZr JE & #1 K 18
700 CH1 750 Ci#tAT H 25 3R K 1 hJe A7 SR BE 5 £+
eSS AR, BT SRS 19 ND, Ta 55 X
JC R YRR, i3 BNbTaTiZr & 4 7F 800 'C'F
B4R K T hJE A aT DR 78 4k as '

TEH T 42 B B o, Cu STz ] 1 S g 23 T ik
RE AL W, DT A ARG 19 255 F0 T e i 9 I S ) s o Al
i A4 R} RE 8 B8 1 HL v PR PR O T 0BT I A R B
1 Cu B ZBWP 8. Tsai 25" ¥ AIMoNbSiTaTiVZr
&M Cu JZ 38 18 B3R I SR R DT RLAE St s
e ARAR A AR I T LAAE 700 C AR B 1k 4 -1 Ak
Py Ie i o T Liang %5758 5 0 N 738 KR R
T RN R S E B e 2 e R T R e
TP 8 A AR, K15 09 (TiVCrZeHD) N i 78
800 ‘CFPHIE T Culg Sif¥ i o
3.3 w®htE

s ) ¥ % R AR SN RE A FE R Gl 2 R 0 T
JO AR F il R 3R R S B AR T AR S O 5K
IRy =N S (1 N E S o R =% |
A A4 AR Sy — i R4 B Y T A2 B A AT Y

TNz R IR B AT 7R & W I & R .
Fes;CossNissMosP B AE fis AR AE S 5 T 0 1 1 41 kL,
S BLIR B A 560 K, HAE 5 T M KAMINKE I F L e K
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Table 4 Electrochemical parameters of HEMGs

3. 5%NaCl solution

Material Ref.
E.n/V I,./(pA-cm™?)
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AlyNiyCogYyCey —0.615 0.653 [27]
2024 Al alloy —0.735 2.230 [27]
45 steel —0.781 7.506 [77]
34CrMolA —0.665 10. 750 [77]
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Fig.2 6-AH,,, plot delineating the phase selection in high-entropy alloys in the as-cast state(a)"*’ and

relationship between parameters ¢ and 2 for multi-component alloys (b )2
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Fig. 3 Comparison of yield strength of alloys with different
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Fig.4 Diagrams of free volume model(a) and shear transition zone model(b)
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