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Fig.1 Experimental values of Young s modulus (£) and shear
modulus (G) of Cu-Zr-Hf-Ti MGs and their base elements
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Table 1 Calculated elastic moduli, B/G, and Poisson’s ratio of the
Cu-Zr-Hf-Ti MGs

Alloy E/GPa  G/GPa  B/GPa B/IG v
CuyyZr, Ti 80.985 29309 113956 3.888  0.382
Cu,Zr, Hf Ti,, 83.053  30.094 115254 3.830 0.380
Cu, Hf, Ti, 97.802  35.865 119.385 3.329 0.363
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Fig.2 Bond length distributions of different atomic pairs in Cu-Zr-Hf-
Ti MGs
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Table 2 Bond length cutoff values of different atomic pairs in
Cu-Zr-Hf-Ti MGs (nm)

Atomic pair CugZr, Ti,,  CugZr, Hf Ti,,  Cuy HfTi,

Cu-Cu 0.2920 0.2891 0.2853
Cu-Hf - 0.3037 0.3045
Cu-Zr 0.3105 0.3065

Cu-Ti 0.2916 0.2917 0.3001
Hf-Hf 0.3236 0.3216
Hf-Zr - 0.3272 -
Hf-Ti - 0.3183 0.3152
Zr-Zx 0.3409 0.3474

Zr-Ti 0.3191 0.3582 -
Ti-Ti 0.3014 0.2943 0.2832
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Fig.3 Distributions of interatomic force constant (k) of different
atomic pairs in Cu-Zr-Hf-Ti MGs
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Table 3 Average interatomic force constants k of different atomic
pairs in Cu-Zr-Hf-Ti MGs (eV/nm?)

Atomic pair CuyZr, Ti,,  CuZr, Hf Ti,, Cu Hf, Ti,

Cu-Cu 181.7 202.0 197.3
Cu-Hf - 184.8 203.2
Cu-Zr 188.0 191.8
Cu-Ti 182.5 212.4 177.0
Hf-Hf - 227.8 233.5
Hf-Zr - 235.8
Hf-Ti - 179.7 188.7
Zr-Zr 178.9 145.3
Zr-Ti 154.9 132.2
Ti-Ti 194.0 231.7 198.3

B DL K ETM-LTM B4 ) Cu-Zr Cu-HE 8 , o 1% 5 A Ja
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Cu-Zr i, 0 Cu J5i 1 558 )2 Cu J5 1 I HL 14544 )¢
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FE 3 Cu i 76 BT AL T 55 B GRS . IXEE T
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J6” 5 AT B BY Y16 A8 (AR e T A% S M2,
ETM-ETM % , 81 Zr-Zr . Hf-HF 8 ) 77 8 5053 A WA x4
Hh, SR BB FE LG S ) — e . BRI R A SRR
B2 5 I FE P B R IRL 3R, A S AR P SR ST
G s S EMEA RERZWYY, LiuECIEX AI-TM
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N N - G5 1 2 THT 48 7 < 8 B AR B AR A I LB
AHEFCTHE T 3 Fh 4 I8 B 1) S S % FE (total density of
states, TDOS) 5 43 I & % J&F (projected density of states,
PDOS) , 25 R 4 Fror . HLT7 450, Rl o2 9 K e 4
(E) I B H 72595 B, B QR (R A B & e 1 5
SERIRSE T, FE PRAR ZOU 1 VR RE I S R R Y

1 HIRE 90K 9 oK BE L AL 1) R 135 55 B N(E) B ST R
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[ TDOS () dE i N R R SR 3 e

J& B 3 (1) N(E,) K I A = CugZr, Ti,, (86.85 states/eV) >
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RIS T — 2

BE— H) PDOS 73 Mt b S 1y i A I R S 4 1 H
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A 2 T BRI 45 2R — B0 TR Cu A R AT, R
SE R R R M AN M R B ) DG B P TS P S bR b e
Zr 3, I <5 ) 22 W0 3 MRS B3l 1 Ze (AR
Mgk Cu.

BeAh, AR T B BT T SR B b & RITRAE
E QL dHUER) PDOS. 7E CugZr, Ti, 1, % JC R K SRR 7
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Cug Hf, Ti,, 1, %8 B AR 73 73] 09 : Cu-11.879 Hf-20.385
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Fig.4 Electronic density of states (DOS) of Cu-Zr-Hf-Ti MGs: (a—c) TDOS and element-projected PDOS; (d—f) d-orbital PDOS of each
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Ti-13.849 states/eV. A WL, N(E,) s B 9 B A 5 ZE 5
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FKA MR T 3H0 48 Pz S 4528 J5 1 X 1) COHP
i 2% LA & )3 — 1L (9 ICOHP fH . 7E Cug Zry Tiy, 1 Zr-Zr
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Fig.5 Total COHP of three Cu-Zr-Hf-Ti MGs (a); pCOHP of different atomic pairs in Cu, Zr, Ti , (b), Cuy Zr, Hf Ti  (c), and Cu, Hf, Ti ; (d)
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Table 4 Normalized ICOHP values of different atomic pairs in
Cu-Zr-Hf-Ti MGs (eV/bond)

Atomic pair CuyZr, Ti,,  CugZr, Hf Ti,,  Cug Hf,Ti
Cu-Cu —0.224 —-0.233 —-0.203
Cu-Hf —-0.707 —0.695
Cu-Zr —0.759 —0.762
Cu-Ti —0.697 —0.671 —-0.590
Hf-Hf —-1.268 -1.313
Hf-Zr —-1.438
Hf-Ti —-1.155 -1.216

Zr-Zr -1.451 —-1.205
Zr-Ti —-1.168 —0.996
Ti-Ti -1.190 —-1.349 —1.495

PESWIVERA tog PR .

BEATURIE -

HEWTAT fop it — Dl i AR

3.6 HTRFEEEY

R 8] 53 b E AR 7 A SRR E (R A, AR
W Feak — Bk 5T AR R B 7 ) 38R £ Celectron
localization function, ELF) , H: 45 S 4 6 filf 7~ . ELF #E
A5 2RI HL - AE SE S (8] 1) R AL AR JE , AR & e B
I S SRR SR A B

B 6 35 Wb b s T PR B L AR AL R R AL RS
FRAE AR A PE AR . F Cug Zry Ti,, 5 Zr JEFAL 55 B4
HL AT 3 H L AURRAE , 17 Cu J5 - I F 7R 5K
2% ) v P e X LT SR A AR R AR D X s A
Xof B S A 05, B TAE BT UIE AR AR iR
AR LGB V)R AR X, AT 25 AR 1 B 03 4% 1 R
22 ALK R T AR E I R 8 R T F R b 2
WIBPETE A, R Z o B = i BIGE SiAfA L vt T
THOfFRE -

2 7r i HE 52 2B S  ELF 204 kA2 B %38k 1E
Cug HE, Ti, Hv, Ji 18] B X 35 1 20 BA 2 ¥ ELF e 8 234
RUFHEFIBE A BRA R . X EWEHE T 3
DOS 5 COHP 4 #T T8/~ I 4518 « HE ¥ 51 N385 1 i
Fedbs, HEBN A 1 T R AN MERE AR . X R T TR L R
JE PR 2R AT B A5 X 4 A 225 ) P D TR 27, A 0
TIRARTTHIEOE 51 R . BRI B ERTT TR E
SUWIEE AR BRI T R R PRI BT D) AR T 68 g, 55X
B/G HAE 1%, ORE MOEHIINE AT e Bl 2 B AIK

25 LATR, & 8 PR s R I L SR AT, A
BT FH i R 7 E T AE T oK RE AL T2
PP AR 0 OGB4 e S AT . E R
T S R T A (RORS HE TR, W] D MR T 5 ) 2 THD B
Bet4 J8 B 0 NI BE 5 IR S L BRI Ak 5



* 2280 Mirfi & @M EHE TRE #55%
Cuy Zr, Ti Cu,,Zr, Hf, Ti Cu, Hf, Ti,,
OCu
OTi
O7Zr
OHf
6 Cu-Zr-HF-Ti <2 J& B 1 FL 7R bR 0 A1
Fig.6 ELF distributions of Cu-Zr-Hf-Ti MGs: (a—c) 3D isosurfaces; (d—f) 2D contour maps on selected atomic planes
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Electronic Structure Origin of Elastic Modulus Inheritance in Cu-Zr-Hf-Ti Metallic Glasses

Li Mingze', Yang Weiming', Li Jiawei’
(1. School of Mechanics & Civil Engineering, China University of Mining and Technology, Xuzhou 221116, China)
(2. Ningbo Institute of Materials Technology & Engineering, Chinese Academy of Sciences, Ningbo 315201, China)

Abstract: The elastic modulus of metallic glasses (MGs) is commonly considered to be “inherited” from their solvent (principal) element.
However, this rule exhibits significant exceptions in Cu-based MG systems. To uncover the physical mechanism behind this anomalous
inheritance, this study selected the Cu-Zr-Hf-Ti system as the research object. Based on first-principles calculations, a multi-scale analysis was
conducted, including the macroscopic elastic modulus, atomic-scale bonding characteristics, and the electronic structure. The results show that the
elastic modulus of this system is governed by low-stiffness interatomic interactions represented by Zr-Zr and Zr-Ti bonds, rather than by the
principal element Cu. Electronic structure analysis further confirms that, although Cu dominates in composition, the electronic density of states
(DOS) near the Fermi level is primarily contributed by the d-orbitals of the minor elements Zr and Hf. The introduction of Hf enhances the orbital
hybridization between Cu-3d and Hf-5d, and reduces DOS near the Fermi level, thereby significantly increasing stiffness by promoting the
directionality and covalency of bonding. Concurrently, the decrease in ratio of bulk modulus to shear modulus (B/G) and Poisson’s ratio (v) values
suggests a potential decline in toughness. This work clarifies that the inheritance of the elastic modulus in MGs is essentially determined by the
key element that dominates the electronic DOS at the Fermi level. This finding provides a theoretical basis for the rational design of MGs with
tailored mechanical properties from an electronic structure perspective.

Key words: metallic glasses; elastic modulus; inheritance; density of states
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