#) 32 % 3R Acta Phys. Sin. Vol. 72, No. 21 (2023) 216401

ﬂ?i?:‘:.:\ ZI‘35A123Ni22Gd20 é%%ﬂ*ﬁ*ﬁﬁ%—
S5XHERF AR

A R

BB R

(PEHE T K=Y R 2 SR B, Pi%E 710072)

(2023 4E 6 A 17 BUE]; 2023 4F 8 A 16 AU EIMEHH)

TG T WA ZrysAlysNiggGdyy A 4 FE VR AT 18 PR BE 8] S5 40 T 1 WP AR AH 23 B3 F0OBLEIE ffAH DR AL B S 56 &
W, 2E T 55 T FLBEE AL S 3 F b AR #4875 & WEASURH 43 B8 I I A At v E 245 516 K (0.37Ty). it
FERE] 624 K (0.45Ty) B, B /E M E Zr WA K A AR S AE, T ARG AM-Zr AH; Ml ¥ it —LH K3 714 K
(0.52Ty) B, & Gd W AH & £ 3B M5 AR T8 AR i AM-Gd AH. [RIE, a0 v 3 0 ¥4 2038 3 1) 38 K 5 300 Fa Al 40 15
ML R T A% A B0 5 75 g V8 0 4 g 0 SOUELE o R 18 2L 4O 350 BROTR 1) R 2 2 . LR A & 4 19 T 24 6 5
T AR B R AR AR A3 BRI SR i A 25 48 2 ] S, S 0 S s/ IS B R i AR AL R LR A Y
TE WA )T 4 N 1 2 v i RE AR AL, (28 T 2 H BT 9774, 188 T ARG 4 n k.

KEEIR : TRV, PUHUEER, WARAH TS, BUHAE A
PACS: 64.75.0p, 64.75.Jk, 71.23.Cq, 81.05.Kf

1 5 =

ki E A LR R A B RE Z 21 12 S -1,
{EAR BB PR RR ] T et — 2P & e 5 1 F 0L, il
2 BLAT R A BRI U AE B e R it m AR R A
IR RGER 1. X RIE G S FEREEI T & A4
AR B, 4B Ja PSR 7 R v T SR
AR BZIE B A AR R o AR A S S
4 ¥l Chen Al Turnbull® 7E3E & & 8L T AH 0 25
RIS, Kiindig 55 10 3 3 2008 R B & v 2L
A IETR G R WA 4 & A WA 53 85 IF I8 OB AE
M A, BE TSUHAE G A r it o Al - Sy
TGO ARGHAE f & &K &, Chang 55 M R
CALPHAD /it A5 2] TWAHS R G 2K
4y, ISR RAY A, X R I E IR
THRGHAE A& SR R AR . Park 45 19 5@ 1

DOI: 10.7498/aps.72.20231002

PR U fi i 8 ETRIA SR T R A e o, 455
TRRIZEAG SRR A 2H 2, HAO s F e T4
LT HOREAE. BRI S 122 B i, WAZAH 7>
B RS B A i v BRSNS A R A DT
K. PR, TEBER S AR i i K S I AR RS A
RNV BRI A AR 2> B AL, I A ]
SERARUAR A, wT LUSC SUHAR A& S o 1
TR T R

R SEIR RO 119 SR A O AR AR AT LA
4 YRR R IV A R ) S PO A%, RO LR T
B, RS BER 1 v T v PR BE ], [N 1
ST WA AN 7 B 5 A b e AR A RO . AR SR
13 m VR SIIACE, TR F R R SRR T
WA ZrgsAlysNigy Gy A I MERSAH 02 KA e
AR, WHE T AR VR FIve AR T & Gt
I 2L T AR ML, JB7R T BURAR fh & A A IO 2
F5 AR REZ AT E R

*ERE SR (S 2021YFA0716301) FESK A AR 2= FE 4 (M 52088101, 52171047) ¥ B RS

t BIE1E#E. E-mail: bbwei@nwpu.edu.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

216401-1


http://doi.org/10.7498/aps.72.20231002
mailto:bbwei@nwpu.edu.cn
mailto:bbwei@nwpu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 21 (2023)

216401

2 EEBT

Zir35 AlygNig Gy B 45 4 1 i 41 Zr (99.95%),
Al (99.99%), Ni (99.99%) Fil Gd (99.5%) 7E Ar <,
PR R i B2 H I I B i k. B R
MR ELH 2 g SCE B, B AR I
A @1 mm /DL $16 mmx 150 mm )£ Tk
o TSR OB AE 3 m VR A TRER. BV
BEIEZS & 3x10-* Pa, 4% 1:1 IR FTEA 4l
He(99.999%) Flf 4l Ar(99.999%) <. R FH v A%
IS R I T R R G A AR, IR TR A
R Ar R, (I LA A IR IS ) /N L g
IO KN ER G W0 . AW 7E A H
T AT R PR ORE [, OB SO [ RGH I ERR & 4
WokE. SCIRZE RS, HE ARG G 4 ORI R R | o
JEJEM. SR FEI Helios GACX BIR A B 1 /HL T
WA, T i8S A FEI Talos F200X TEM & 4%
P B e 7 W AUBE (HRTEM) #4700 2 4443
¥, F Rigaku D/max 2500V A4 X 526 477 54 AL A
Thermo NS7 #YH1, ¥ BB XGHEAT & 4 AHZH 1L S A
XA WF 5%, A Netzsch DSC 404C A 2% 75
i i BT R T 2= B 5, G 3 Hysitron
TI980 i Ak FE 4K T 24K R Gexd & 4 1 1 24
REIEAT AT

3 RN
3.1 EMREZFETHRBALFE
WA Zirgs AlygNigyGdyy B AR [ SR

A, A5 5 01 B 5 S5 F T A BEA 4. I DSC
£ 20 K /min FIFAFIS Z033 T BEF TGP, 15
FI| ZrgsAlysNigy Gy A4 V-1t [ B oW 2, 4n
Bl 1(a) Fi7n. MHICRTAD, %A 4 T 4l 20 32 22
Hi 3 Fh A AR . 18] 1(c) B X SR AT 5T 1R i 3
B, 3 A~ b AR 43 51 & Zrg AL N, ZrNiAl Al (Gd)
FH. & 1(b) 9 DSC B 25 A 4 1Y WROFH 26 1 %
h 1369 K. A S IRTER HI B AETE 3 A
g, A% % 1318 K B ZrNiAL A I % J6 B
1198 K B} ZrgALNi 5 ZrNiAl —AH3k 5% BUE BE
PAK 973 K if ZrgALNi, ZrNiAl Fll (Gd) =ik
I B IR E

3.2 TWRESESNIERMBRBIE

2 1 H VR RS- PR EREE R e g A5 2R o
K 2(a)—(d) & E AR 830, 520, 390 A1 90 pm
A5 4 TR0 22 AN SO L BT 5. rh BT 2(ay)—
(dy) P, JH 328 bl S PR RE AR AR 5 504 B,
BEARBKIE G W00, S e 5. SRR
M/, SRR TR0, AE SARR BTG . S5
KB, A AW BN 560 pm B & 4140
TFiE AR A, A S0 BRSNS 370 pm
B, FE R R 4R S 412U B & 4 B0k

B 4 FUREL 9 TS0V 2H 238 L A AR AR RN AR A 22
BySpRiooran. o, fARAHALRE ZrgALNI, ZrNiAl
P BEME A YLLK (Gd) B, 58444
oL, V&5 A G T BE[E B, R0 A ZeNIALAH B 5
WA SIEIERFIER AR, H)S ZrgAlLNi 5 ZrNiAl
AP AR B A3 R A K, SR RIARAIE
B ZrgALNi, ZrNiAl 5 (Gd) B =3k 5. BEE &

(b) () & o ZrNiAl
T4k e MEZK T =1869 K o ZreALNi
M * (60
g . 2
% |20 K/min 2=
= = [
8 T, = 1318 K 3
; = L — ZrNiAl =
o ZrNiAI% N F Tp = 1198 K o
; o e G L — ZrAlINi+ZrgALNi ®
>, Ty =973 K *
2 L — ZrAINi+ZreALNi+(Gd)
§ (Ga) N
800 1000 1200 1400 30 40 50 60 70 80
T/K 20/(°)

B 1 SEHFEE R Zirgs AlogNigGdog A 4 A AT 2 B FIAR A2 45 AF

(a) B A MWL (b) DSC #ATHTINZ; (c) X S Lefis i Bl ik

Fig. 1. Phase constitution and transition feature of ZrssAlyNigpGdy alloy after equilibrium solidification: (a) Microstructural mor-

phology of alloy; (b) DSC analysis; (¢) XRD pattern.
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(a) D = 830 pm; (b) D = 520 pm; (c) D = 390 pm; (d) D = 90 pm

Fig. 2. Solidified microstructures of ZrssAly3NipnGdyy alloy with different droplet diameters: (a) D = 830 pm; (b) D = 520 pm;

(¢) D =390 pm; (d) D = 90 pm.
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Fig. 3. Duplex phases microstructure of ZrssAlysNiyyGdy alloy with different droplet diameters: (a) Crystalline and amorphous

phases coexistence zone with 520 um droplet diameter; (b) HRTEM micrograph of (a); (¢) duplex amorphous phases coexistence

zone with 390 um droplet diameter; (d) duplex amorphous phases with 90 pum droplet diameter; (a;), (c;), (d;) selected area elec-

tron diffraction, (c;) and (dy) EDS-mapping of Gd.
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Fig. 4. Calculated temperature of liquid alloy versus droplet diameters: (a) Cooling rate of alloy droplet; (b) undercooling of alloy

droplet.
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Fig. 5. Phase constitution and transition feature of duplex
amorphous phases ZrssAlysNigyGdy, alloy: (a) DSC heating
curve; (b) XRD patterns.
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Fig. 6. Thermodynamic properties of quaternary ZrssAlyg
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Fig. 7. AM-Gd phase features of duplex amorphous phases
Zr35A153NiyyGdy alloy versus droplet diameter: (a) Average
length of AM-Gd phase; (b) volume fraction of AM-Gd
phase.
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Fig. 8. Micromechanical properties of duplex amorphous phases ZrssAlysNigyGdy, alloy versus different droplet diameters: (a) Aver-

age nanohardness; (b) average Young’s modulus.
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Fig. 9. Nanoindentation trace of duplex amorphous phases ZrssAlysNiyyGdy alloy: (a) Nanoindentation of 90 pm droplet diameter;

(b) nanoindentation of 50 pm droplet diameter.
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Fig. 10. Serration features of duplex amorphous phases ZrssAlysNiyyGdy, alloy: (a) Load-displacement curves of solidified 240 pm

droplet, where the inset is enlarged view of (a); (b) normalization results for serration properties of solidified alloy droplets.
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Metastable phase separation and duplex metallic glass
formation of liqU.id Zr35A123Ni22Gd20 alloy*
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Abstract

Duplex metallic glass with two amorphous phases has been extensively investigated for desirable strength
and plasticity. In this paper, the metastable phase separation and dual amorphous phase formation of liquid
Zr35A193NinyGdy alloy under substantial undercooling condition and rapid cooling condition are studied by drop
tube technology. The equilibrium solidification structure consists of three crystalline phases, while the critical
undercooling temperature of metastable phase separation is determined to be 516 K (0.377T}). The separated Zr-
rich liquid phase undergoes amorphous transition and becomes amorphous AM-Zr phase with the composition of
Zr5Nip3AlysGdg when alloy undercooling is increased to 624 K (0.4577). After that, the Gd-rich liquid phase
forms amorphous AM-Gd phase with the composition of GdsgAlyNiygZrg at larger undercooling of 714 K
(0.52T1,). With the increase of liquid undercooling and cooling rate, the kinetic mechanism of metastable phase
separation changes from nucleation and growth type to spinodal decomposition type, and consequently the
microstructure of dual amorphous phases transforms from a spherical morphology to a reticular structure. The
average hardness and Young’s modulus, which are influenced by free volume, phase volume fraction and
structure of dual amorphous phases, exhibit a complex variation of first increasing and then decreasing with the
decrease of alloy droplet size. The formation of dual amorphous phases is in favor of the energy dissipation and
the generation of multiple shear bands during mechanical compression, which improves the plasticity for this

kind of amorphous alloy.
Keywords: liquid undercooling, rapid solidification, metastable phase separation, duplex amorphous alloy
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