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il EL A 358 2 TR A 0 K At 53 90 BEAK 27 1 R 04 AL A
B, R AR A T A A B — R
B Ze-Tig SR A 2 B H R AR f R
HCRE S, ATAER, ad RMBETT, REA A R S —
AHER. Ze-TiR AR M S 20 T s, )
“EPERERAT BIAH D IS, X LR U R ) g 5 R
X TTi-Zr R R G 4 R Mt &k HA EEE X,
X FH AL AR i R A S R AT — s AL (.
RS Skt
E AR A S R E AT R AL, AR
IR EME. 22 EICRYE R R T L GuoE AT
ZhangZ5 \POUR B 0 A SRR O AR, fn &
J7R, IR A A R RS 220, TR AR AH e
IR TAS o 5 78 AJE AR BN, o] LUAIW &
Wie A R RERIE AR . (H Ak A A R I
BCRE ) AR E PR TC Tk el UL W, A TR R EA SR
AL BE TSy, BAVITESRAE DA B A SRR
W, B EA KR ST AR 1A R A S5 R T el
SRR S 4. HrEA iR BIE R AE 1 B
A 4 2 A Ti-Zr-Cu-Ni-Be FIPd(Pt)-Ni-Cu-P4.
DingflYao "4 I Ti 0 Zr0CuaoNigBeyg, I
£ T EAR(D) 3 mmiy B A 4. P2 ()i
7R, XETER AT % (XRD) s Hoh 58 4 TF S A 45 4.
5, Ding% N"PSR A 42 70 ZEHIMEE TiygZr,Cuag-
NiyBey ik i A 4 AR IEBLRE F1, 48 1 I A L
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TER A R 2 b B e FH AR T Fe g 2T DLk
PR A 4, ER R P B AR e R R
T T REA R R F AL, PA(PH)-Ni-Cu-PIA R
HR I FER >80 mm™**, i anEI2(c)IiR, PdyPt-
CugNigoPoo R AR i & 4 Y B R R F 910 mm''®)
Ti-Zr-Cu-Ni-Bef& & 1 Kl AR 5H>20 mm, 14 R T
FEZH 3 TiggZ150CungNiggBeo I FLR T 93 mm!' 7, i
F Sl R e A=Y S RE e Nt - B O 3
A X, WA Ti-Ze-Cu-Ni-Be 3 & 1A R A —
AR =IERZ, BI(Ti+Zr)-(Cu+Ni)-Be, [RIfK 2 rh B A%
K AR S BCRE 1 B9 & S TR (Ti+Zn) BT 60%~
65%, FI/(CutNi)F TV BE<25%H X5, 1711 Ty
Zr5CuqNiyBey T E U E 10 40%, (e | B fEm
EATE X, BEAb, JERIERRE 1185 A SR BE
G TEHE Eom A AE—E W 2. BRI s v, Btk
WARGEMIAE S J12% L R A R, FERIRMA &—
T T A T LIRS AR A, SIS
PP TR R BT BR B A URRAE, Angel st B0 14
43K (strong) AR TN 55 (fragile) AR M 255", 245
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Figure 1 The effect of J, AH,;;, and AS,;, on the phase formation of the multi-component high-entropy bulk metallic glasses (HE-BMGs) and typical
multi-component bulk metallic glasses. (a) A J-AH,,;, plot delineating the phase selection in high-entropy alloys. The dash-dotted regions highlight the
individual region to form solid solutions, intermetallic com?ounds and the amorphous phase[25 . (b) Effect of AS,;, on the phase formation of the HE-

BMGs and typical multicomponent bulk metallic glassesm’
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Figure 2 XRD patterns for typical HE-BMGs. (a) TiZOZrZOCuzoNiZOBeZO[]7]; (b) Ti16_7Zr16_7Hf16_7Cu16_7Ni16.7Bem_7[]x]; (c) PdZOPtZOCuzoNiZOPZO[m]; (d)

Ti2ozr20HfzoBezo(cuzofoix)m]

Wt A8 Bom A T i AL A, B RIR AR, dE
SRS B R, oA Bnga e Ak s g5 i,
TR, X Rl—R R s — e R AR f S
M5, e G SRR R AR, MR +E 50
XA, — ke, RO, WatEHE BT
BN A A e A B AR IR iR ). 7R BRI
FMEWT, Ti-Zr-Cu-Ni-Befr &K FRH, HIX /KR
T K ZAAE R AT, SR s iIE e am
B[S DAL SN

h T AR A R AR AR RGBE T B S AR A A 4,
X AR A LU AR R AR 2. TRk = E iR
INERBUIRTS, —M O o2 B 55 5 L s iR S
TR, FHEILBNUTRERHIEMS S 2T
HAE S T, Zhao NPT HE— AL RSy, %G T —
Z 51l it (pseudo-quinary) TiyyZr,,Hf,0Beyy(Cuy, ,Ni,)
(x=2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, J5

FHEA). X RImFTE>12 mm. 41E12(d)
7R, XRDEE 7R T ARl 5 TiyZiyHEyBey(Cugg -
Ni )Y 5E 2 AE AR SRR, TFFR T X0 I 5 RS
HA Ti,0Zr,0HE,oBesgNiy B A EH A4 N 15 mm, 1
TizeZryoH>0Bes(Cuy sNij, o) I A B AR AT 3530 mm, J&
i A AR R R m AR A A B D Toos
JEAb G S TPNIE RN, 52 RIRERE K, f
I TAC A P I A RTE G dHoToe RS
[y, GamiRamsgm, AT 5aake e
AR A A 0 AL TE R, PR E TR i e, AR R
TE IR S Wb 42 .
M, AR TE = ek 5551
A @ ny st BRinG &ooR, G e ik
f BA SRR AL BURE ) Y SRR A& 4. Bizhanovas
j\[”]jﬁ%%ZQ1Ti27Be26Cu1OﬁZrngiMBeBCugNiwﬂ\j LA,
WG RINEEITR, AN —FRIF AR I HUEE
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YIRS R U R AE A B 4, Zry TiysBeysCu Mg
(M=Ag, Al, Ni, V, Cr, Fe)F1Zr,sTi,sBe,;CugNi Ny
(N=V, Cr, Fe, Ag, Al), I B3 il & 152 5%
6~15 mmPEEREER . Hr, Zry, Tiy;BeyCuyoNigs
Z133Tiy,BeysCu, oV HZry, TiysBe,sCu, g Ago A Bk 1Y AE
SOEHLRE S, ChenE APLLZrssAl oCuss W EERITF &
A SIRAE WA Zr 4 HE o Tiy Y Al oCu,sNi,Co,Fe, dE dH &
4, HARGIASi=1.659R(RAURHED), IhF Rk
14 mm. Jalali% APl Cuyy Zr,, Al LRI R T
Zr3;HE TicCus,Ni, CosAl b i a4r, AFTHE#E R
N A TR X TG RIS F Cu g Zr, AlAR S & 4K, Bk
MR 20%~33%, RG-S 2] 0 m iR A S g
FEPET .

e A A M BEIE iEe ) 5 3R RIB IX S B
A, (HHATEBA BT AR A A3
SR Wadai N PUE A RO MR SRS A Y
el b, SRR A E BRI TR, g
BRIk &g L U s R R A 4. DAL
i TR A 4 Zess Al Coys A 3EA,  HHE 43 B Z,
FHNIFICuTB B Co, A HAGZr,HE,, sTis s-Alj, 5
Co,sNip,Cuom AR f A 4. X EE S S S REE 2
B9 22 /8 T i (differential scanning calorimetry,
DSO) i<k A — A BRAS A, A B I AL A
FARB R A, DR R BRI . ZessHE - 5-Tis s
Al sCo7 sNi;,Cu o A 1.77REYEHR A A1 8 mmAy
K FRSE, HAESIE R i R H LA
FBefty Ak A 4.

bR T EICoCRAEmAN, DERINNAESITRE N
SR E AR A AR IE BE . CaoE N R B
BN R AT R A B T4 M ZeCuHITiNi R R v A
LR RIEIRE ST, BFFEFE 17 ZrygCuygH s TiggNig 1S
I INEE=vE gj’aﬁ‘(ZrzocuonfonizoNizo) 100x0:(x=0, 0.1%,
0.2%, 0.3%, 0.5%, JiF A4, T ). XRDAEHHE
F B4 (scanning electron microscope, SEM)7Hr44 H
R, X FZrCuHfTINGS AR A 2 5, = asing
F(0.1%~0.3%) AT 42 m Ak e e 11, A AR
1.5 mm¥GfNF]3 mm. AT RN R0.5%0, 5=
PIIMAES T S AR atHITE B, FEAK T AR AT iR
1. Er BT T AR R TR, RRIEB I S
Ak db G A RN U100 SR i A Y BT 2 5. =i
e A S B AT AR S K 2, AN
BribARAH E a4, SEGE T AU XA i B R A E . 41
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ik B TR AR S S AR, AR TR
e HR AR R B, AT s R AR b B e IR B
IAE

HAR HETIR = 1% 2 706 4 F B i hE
JIRYAE, AR BRI AT R T LA A
ABRIGFRT R REAE a4, RVITR, Ze-Tilk
F e S  BA X B R AE IR REE Sy, 2T
WA SR AR A im R RO EEATE 10 mmPL |, #
KAJ3K30 mm, [fjFe-Co-Ni-P-BiE 2 EaE & 4l 5
RF AN/, 7E1~2 mmz ],
2 SRS G ST

YER—FEAR SRR R, ARG B IR R Y
KRB PR b W A S A A B 2 RE, R AR Ak
Pt | TR N o N o S e s I Wi S 9 e e - | T
BEEAFFM T RILMES R, IR
mn e IR IRAT . AR R B 2 S RO AR
JUE T A R R E MRS SALEL. B TR
FOANE, R IRE S B T O X o A A=, BHA
SR, B, 55—FcdERE e, e
s e 4 HL AR X AR 11 it T B 3R R A e 1 R
Gong%}\m’“]ﬁ}??ﬁ 1 TiyZryCuyoNiyBeyg~ Tijg7Z1167-
Hf16,7cu16,7Ni16,7Be16,73'3HEE'I%é}:\E/‘JEEE'I’f'{Cﬁi‘j:’, U&Niﬁl
RCuXI TiZrHBeCurm ik i a & ki FEr &, [
B, A T HR5E Zry, Tiy,BeyCuyoNigs  Zry; TiysBeyCuygVes
Zr3, Tiy;BersCu g A gt 8 7 1 LU Ry i I i A Al it 7 2
— FITHE ROV R AT ARSI DS, i [a]—
BB R Zy ) Tij3 sCuyp sNijBeyy s(Vit- DHEFTAS LE.

2.1 FEETHCRER A St T

€13 (a) H TipgZr20CuyNiyBeyy i 4 i £E FHE A DSC
M2k, 7EFHELRFE NS, 10, 20, 40 K/minfitiE 2L THi,
DSCHIZeI7E— IR P B T 3. aniEl3(b)
Fii7R, ARSI XS BRI (T, Tos Top)iE
TR KACPE, 55 WA T ZedEAE A S AN, TisZrs,-
CuyoNiyBe,o i M AE i & 4 i b A2 i i — - A
iR Laves M ™Y, H B ARMT BT :
fn—AE §H+HIAC A7 7 A (face-centered  cubic, FCC)—AE
Fh+Ni, Zr,+FCC—IE fi+Ni; Zr,+FCCHE L 37 )5 Al
(body-centered cubic, BCC). H T rfidlf & 4 U4 i
AR AR AR T R TR, IR TR BB Av-
rami$8 Hn (o) W5 A A i B 4 B AR SRR B AS bl
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Table 1 Mechanical properties of typical HE-BMGs at room temperature

ik 10 P A v Y T
TiaeZt20H30ClizgNizg 1.5 1.5 » 1920 2.0 [13]
TisZroHEsoBesoCl 12.5 2 1889 1995 2304 [19]
Tiyg 72116 sHf 16 7Be 16 7CU16 7Nl 6.7 15 3 2019 2101 1.5+0.4 [18]
TigZr20HEsBesoCuy7 sNis s 12 2 1943 2001 0.7+0.3 [34]
TigZroHEsBesoCuyn sNis s 20 2 1992 2012 0.6+0.4 [34]
TisZra0HEyBe0CuoNij 25 2 2005 2047 1.6+0.3 [34]
TigZr2HEsBesoCuy sNijs s 30 2 2067 2124 3.4+1.1 [34]
TiseZts0Hf30BesoCusNi s 20 2 2088 2143 1.740.8 [34]
TipeZtsoHE3BesoCtly sNi 7 5 15 2 2094 2226 2.7£1.0 [34]
Zr3, Tiy7BessCu,oFeg 13 2 1707 1813 0.4 [35]
Zr3, TiyyBessCuj oAl 13 2 1808 1943 24 [35]
Zry Tig;BerCujoAge 14 2 1717 1854 3.8 [35]
Zr3, Tiy7BessCuoNig 15 2 1684 1896 2.8 [35]
Zry Tiy;BersCui;oCr 14 2 1842 2003 1.6 [35]
Zry, Tiy,BesCui Ve 15 2 1731 1911 4.0 [35]
Z15Ti>4BersCugNi o Fe 4 2 1911 2119 1.1 [35]
ZrsTineBey,CugNi Al 9 2 1754 2014 1.6 [35]

a) JEATIRE B AR HE s 2, by < 3RoR SCHR R JEiZ 8

B EI3(d) R 55— A B JRy B Avramid £ db AL AR
SIERR, 3B By o [F] B Avramifig $t4<1.5,
AR 5 6 TiagZrag CuggNisgBeny - B4 A ALy -
BRI ARG, 3BB[R TR AT Y A% R b
ZE AR E RSB, 5 Vit- 1R S sy
A SAAT BT AN, 3025 U P 2 1 225 A L 7 7
BRZES. 34 b A B B Jmy i 16 AL BE~F- 2 {6 20 301
279.5+£14.3. 336.7+12.3. 351.1+15.3 kJ/mol. Gong%
}\[43]6%% TTilmzrl6.7Hf16.7cu16.7Ni16.7Be16.75/‘H|3%7§1HE§I
s 1%, ZOSTTERAE A S BRI 290 kit
e, R AT IUY o AR &> AEF+NI Ze+
FCC—IEf+Ni,Zr,#FCC+BCC. Tijs,Zr6Hf 1 ,Cuyg--
Niy 1Beys ,HATAHXTHCGE A Vo MRAH X, 185 Kissinger
BIZMEAU G TH R IELRE(E,) . IR M IHALRE(E,)
4 R ALRE(E, ) 700 331.848.01 215.3+4.5F
245.5+6.3 kJ/mol, 5Vit-1(E,=162+6 kJ/mol, E,=203+5
kI/mo)# W HA K S EME,,, IEM] TZa& AR
IR A E .

TCEX A SRR IR E ML 545 Rl B AR .
JinZE AOESE T NI CuRd TiZrHfBeCui i 3E i &

SRR B . TiZrHBeCufn ALAIHT T Fy: JE
i — I f+CuHf,+FCC—JE f+CuHf,+Be,Hf+FCC, F
B AL AE N CuHE, FIBe,Hf; TiZrHfBeCu, sNi, sk f
BB : - JEd— AR SN Ze,—3F i Nl Ze N g Zry+
CuHf,— 3 fi+Ni,Zr,+Ni, o Zr,+CuHf+FCC, % kA
Ni,Zr,+ NijoZr, MICuHf,; TiZrHfBeNi H b AT I
R B —IE RN Zn, FCC—3E i+ Ni Zr,+NiHf,+
FCC, FE A ANIHEFINI;Zr,. BEIREIH 2L
infk, (AREE NS SR, Bt AH R AR
H TR, MAECu &, NiEAR K R, TThE
S P B TR R NIRRT/,
JRF RS 2R, I8 RS R T L5 80, A
FITFHE I AE T LR, Nif R AR, AFT
A P 454 (chemical short-range order,
MCSRO)WIE L. KT, FFAENICER & fdls 3k fE sl
fie 14k, TiZrHfBeCu, sNip s 4 L TiZrHfBeNi 5 4 2
B AESIELRE 1, T REAY IR R A e 2 fhad
[ A Rale o A A Y T T /N e S R (2 T
TN, & A Ot ZR B G ISR 1 = R,
SR AR TR HOE g g
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5 2:0 Q4 e
o o o
x Qo %
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% 1.04 z 24 =
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Bl 3 TiyZrygCuzgNixBes, Tijs7Zr167Hf67Cu167Nij67Beys7, Zrsi TigsBeaCuyoNig, Zrs; TigsBessCuyo Vi MAE 3 42 S AT A. (a) TiggZraCuyNigBex
EE A A TEAR R FHEHR T 1 SEDSCAREE: (b) 3 mm B A% TisZiagCusgNisgBe o S AR K A HM FUXRDAHT; (¢) AR FHE JOREE T i1
SERDSCHIZE™; () TingZinyCuingNisgBeso iR i & 4 FEA I R 45— el oh 8 Aveamit i 5505 45 A BUMBOAI K, (e) Zry Tiyy-
BeCu oNig 9 Jai 5 Avramidi 40 (x) 545 A A BNl IR (£) Zrs Ty BesoCuyo Vil JRi 5 Avramidi £in (x) 545 A A BN Bty R

Figure 3 Crystallization behavior of Tiy Zr,yCu,NiyBesg, Tijg7Z1,67HE 6 ,Cuy67Ni 6 7Be67, Zr3,TipBeysCuyoNig, Zrs; TiyBeysCuyyVe HE-BMGs. (a)
Continuous DSC traces of the Ti,Zr,,Cu,NiyBe,y HE-BMG at different heating rates'*; (b) XRD patterns of as-cast and annealed 3 mm-diameter
TiygZr,CuyNiyBe,, rod samplesm]; (c) isothermal DSC curves at various annealing temperaturesm]; (d) the first variation of the local Avrami exponent
versus the crystallized volume fraction x at different heating rates calculated for the Ti, Zr,Cu,,Niy Be,, HE-BMG™, (e) local Avrami exponent 7(x)
and crystal volume fraction x of Zr;, Tiy;Be,sCu,(Nig; (f) local Avrami exponent n(x) and crystal volume fraction x of Zr3,Ti27Bez(,CumV6[35]

MZEF s AR SR ISR AL .

ey e ey R | TR AT K B W)
SR RN B, SR RCT HE R AR A B BT

Gong%j\[‘tﬂﬁ%TTi16A7zr16.7Hfl6A7cu16.7Ni16A7B616A7
AR AT, ANE3 ()7, Bl 1R KL Y
5, BICZEEIEIELK, Sfgsiie. BTk 22
B 4 v T 28 I I IR R O I AT T A 6 A e o B

T A A A A R Ak 2 0T SR IR
REAURS AT SE . e AR S 4 b A ad 782 B T ek ] il
TREZ AT BRI, 58— FndEMa & hE
L. ShfbAvramifE5n e 1.81~2.04 2 [a] 251k, KW
A FE B BN YR S — e A, U B
BEARSS, TRy Bk, RS SR T
BT ROE R A, A% A A 32 BB AT, 2 BUS% R
TRE.

HI T = 1 HUEE A O A A2 A 1 T B2,
XF TR G AR b 2 1 A2 Ak = 5 PE Rl IE,
(o X Ay B AT . Duan®$ AR,
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Figure 4 Changes in mechanical properties of HE-BMGs with various plastic improvement methods. (a) Nanoindentation load-displacement curves of
the (TiZrHfCuBe), . Sn, (x=0, 1%, 2%, 3%) BMGs"™. (b) Compression engineering stress-strain curve for uncoated and coated Ti,yZr,Hf, Bey Cuyg

samples. The inset is the amplification of the corresponding selected area
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Figure 5 Corrosion resistance and atom migration behavior of TiZrHfBeCu, TiZrHfBeCuNi, TiZrHfBeCu(Ni) HE-BMGs and Vit-1. (a) Polarization
curve of potentiodynamic potential in 3.5% NaCl solution; (b) DMA test curve
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Figure 6 Oxidation behavior of the Ti 4 ;Zr,s ;Hf ¢ ,Cu,47/Ni 4 ;Be s 7 HE-BMG. (a) Mass gain curves. (b) Net mass gain after 120 min for specimens
oxidized at different temperatures. (c)—(j) Cross-sectional element distribution of the specimen oxidized at 753 K for 120 min. Color from blue to red
indicating elemental concentration from low to high[m]
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Research progress in Zr-Ti containing high-entropy
matellic glasses
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High-entropy bulk metallic glasses (HE-BMGs) are alloys that contain five or more principal elements in equal or near-
equal atomic ratios. HE-BMGs have the composition of a high-entropy alloy (HEA), structure of a bulk metallic glass, and
satisfy the thermodynamic, kinetic, and structural conditions for amorphous formation. They have excellent comprehensive
properties and potential as structural and functional materials. This paper summarizes the composition design,
crystallization behaviors and the physical, mechanical, and thermal stability properties of Zr-Ti containing HE-BMGs.

The phase formation rules for HEAs can be used to determine compositions region for bulk glass formation. However,
the developed HE-BMGs have poor glass-forming ability (GFA) compared with other BMGs in the same system. In order
to obtain HE-BMGs with high GFA, attempts have been made to design near-equiatomic HE-BMGs. An effective strategy
for developing HE-BMGs with high GFA is to replace elements in the HE-BMGs at equal atomic ratios. This strategy has
enabled the preparation of a Ti,,Zr, Hf,,Be(Cu; sNi;, 5) high-entropy amorphous alloy with a critical diameter of 30 mm.
New near-equiatomic HE-BMGs with high GFA can also be obtained by similar element substitution based on selected
ternary alloys. Because of the high-entropy effect, the crystallization behaviors of HE-BMGs differ from those of other
BMGs in the same/similar alloy systems. The non-isothermal crystallization of Zr-Ti containing HE-BMGs involves
multistage crystallization, and the nucleation rate decreases with increasing crystallization degree. Zr-Ti containing HE-
BMGs have higher activation energies than Vit-1, which means better thermodynamic stabilities. In addition to having a
high-entropy effect, near equatomic Zr-Ti containing HE-BMGs are affected by a single principal element. For example,
the nucleation rate of Zr;, Tiy;Be,sCu,(Nig increases gradually during the initial stage of crystallization; this is consistent
with the behavior of Zr-based metallic glass. At the next stage, high entropy effect plays the major role. In other words, the
effect induced by single principal elements has a stronger influence on the crystallization process of the near equiatomic Zr-
Ti containing HE-BMGs. In terms of mechanical properties, a Zr-Ti containing HE-BMG has high strength, i.e., close to
the theoretical prediction, high corrosion and wear resistance, and room-temperature brittleness. The room-temperature
plasticity of the Zr-Ti containing HE-BMGs can be obviously improved by adjusting the composition, surface coating,
cryogenic cycling treatment and cryothermal cycling treatment. Because of the high-entropy effects and sluggish diffusion
effect due to the complexity of the ingredients, HE-BMGs have high creep resistance and corrosion resistance and give
high thermal oxidation performances. The macroscopic deformation behaviors of the HE-BMGs show significant
temperature and strain rate dependence. At the temperature of hot-embossing process, it was found that Zr-Ti containing
HE-BMGs possess a relatively poor thermoplastic formability, especially under the reduced mould size to tens
micrometers. Ultrasonic loading is an effective measure to conspicuously enhance the thermoplastic formability of Zr-Ti
containing HE-BMGs.

There are some expected goals that have not been reached in research on Zr-Ti containing HE-BMGs. At present, the
alloy design strategies are mainly applicable to single-element, binary and ternary amorphous alloys. Multi-principal-
element amorphous alloys have no appropriate measures for design. The compatibility of tensile ductility and high strength
of HE-BMG:s is still an overarching goal. New techniques such as machine learning and high throughput can be used to
identify compositions with excellent properties. With the development and use of new experimental apparatus, the
influence of a higher number of elements on the structures and properties of Zr-Ti HE-BMGs will able to be verified more
accurately. In terms of hot-embossing process, the problem of the high viscosities of Zr-Ti HE-BMGs at their formation
temperature needs to resolve by process optimization.

high entropy metallic glass, composition design, crystallization behavior, mechanical properties, thermoplastic
forming
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