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Fig.1 The DSC curves of as-cast sample and pre-annealed samples

for different time of Zrg4.13Cu;5.75Nij.12Al10 BMG
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Fig.2 Pre-annealing time dependence of the enthalpy difference
between the as-cast sample and the annealed samples of

Zr6413Cuy575Ni19.12AlL, 0 BMG (zero pre-annealing time

represents the as-cast sample)
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Fig.3 Pre-annealing time dependence of hardness of the as-cast
sample and the annealed samples of Zres13Cuis7sNijo.12Alio

BMG (zero pre-annealing time represents the as-cast sample)
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Fig.4 Pre-annealing time dependence of normalized hardness of
the as-cast sample and the annealed samples of
Zr64.13Cu5.75Nij9.12Al, 0 BMG (zero pre-annealing time

represents the as-cast sample)

ks T /N8 P24 P N PR s PR AR RS AR T . I
JIHIAFAE AT BEXS H & S B AR

AT 9 45 el F8O68 B U0 e A0 PR 5 0 6 BEL AR A 5
S VEAR FEHLHIA FEEAEH], HIE R b4 T 2R R
Bt — L HEA, XA R R S s A A T i A
PASS BEAN R I I8 BT DR Ak o 10 s AN 5 i i
TR NIy R A, T LA ME I R AR R A ek A
FHVEIEARTE, XA RATA N2 B LEAE R R 9
PEASTE F AN FEPRAS AR S & S BT VI R e . i3k
TP FA T IZIRE T Zrgs 13Cuys75Nijg ALy AEAHE
SAEAN A BT (HE RSk ) RS IR (1% IR
30 TBlG e IR R AL AR TR X R AE . ] 5a FHIE]
5b MRS 24 bR K S IADRHE RO R SE R
JE B IRTES,  wT LA 20 DY Ak s IR A Jo) [T ok 17 20
PR R BT, X5 e AR S B = R HE A DO B
B s Sk ) LR B 1 B DDA R AEAR — U8 A
SAREL, SRR K B D) B A R, TR
Dyt B i RPN o b HE TR s Sk B BB T 30 B it
BT DA A AR R, i ELHE AR AL 0 N IR TEH
7%, I BT D) HY 5 AE B2 B i~ 4T 158 A5 DR 36 1K) 5% i
F o AT HFTT T ANF) 5t I8 A RHE B HE T 1% 1K s
IR J) [l FR) AR TR AIE o

&l 6a FIE 6b I3 L AMATIRK 24 h )5
Zre4.13Cuys 7sNijo.12AL o BEAAAR i & G AE W A SE 5
Jii Hs IR BB BT DA R AE ol P A D s R ] R o 3
T _F v R R BT D) 3 . X LL BT Y] 32 B2 B LA
M Hs IR 32 25 1) A K B3R Y 20 23 TR AT B TBCR R, 4
JETT I T i KRBT 07 . i 6 T LLNE
2, Bk 24 h Ja, BIUI IECRE L5 55 A L) Db
WIAF ARG, T ARSI RS A
IR R BT D) R A, ARSI D R . (i, SR
FITR 1o GREIR, HaSHE b A BT U] B0 A 2
WIEE 4504 106 Al 19.2 pm, StERAFE b 10 B 1) 30
WA, RGOS, GB T bR R ECE N B

K5 Zrea13CuisssNijo 1AL BAKIE & & BAURIR LS

Fig.5 Optical micrograph morphologies around indents after

Vickers indentation of Zres 13Cu;s75Nijg.12Al10 BMG: (a)

the as-cast sample, and (b) the 24 h pre-annealed sample
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Fig.6  Optical micrograph morphologies around indents after

Rockwell indentation of Zres 13Cu;s.75Nij0.12Al10 BMG: (a)

the as-cast sample, and (b) the 24 h pre-annealed sample
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Table 1 The radius of indents, the number of shear bands and

the average shear-band spacing of samples for
different annealing time of Zrgs13Cuis75Nij.2ALo

BMG (zero represents as-cast sample)

Pre-annealing
time/h
Radius of
indents/um

0 1 2 6 12 24

325 315 318 317 316 316

Number of shear
bands
Average shear-band

106 85 84 81 82 80

192 233 238 24.6 242 248

spacing/pm

3 & it

1) Zres 13Cus.75Nij.12AL o AR F G S 1E 590 K
B R A B A TS, RS AR B
T P (R AR A R AR T B o AR AT 19 % PR B 0S5
G K AR AN BB

2) AR Zres 13Cuys.75Ni10 12AL o BRI i
BB RE AR KRBT RIS ASEIT, 13207870 K
BIVIH RS . L AREMA L, Sl ERAS AR S R I B
Doty B B b, BTPDA BRI OK . 7E 590 KR K
24 h Ja, BYYI IR B KL 29%.
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Effect of Structural Relaxation on Hardness and Shear Band Features of
Zr¢4.13Cuy5.75Niq.12Al o Bulk Metallic Glass During Indentation

Gu Jiansheng, Wei Bingchen, Li Lei, Zhang Jinjun, Sun Zhiwei

(National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100080, China)

Abstract: Structural relaxation of Zres.13Cu;s75Nijo.12Al o bulk metallic glass (BMG) was conducted through isothermal annealing at the
temperature near glass transition. Vickers hardness and Rockwell hardness tests were used to study the structure relaxation effect on the
hardness and shear band features of the BMG. The results show that Zres 13Cu;575Ni10.12Al10 BMG underwent enthalpy relaxation due to
pre-annealing at 590 K. Vickers hardness increases quickly upon pre-annealing and tends to grow slowly with further increasing the
pre-annealing time. In contrast, the Rockwell hardness of the BMG is insensitive to the pre-annealing time. Well developed shear band
pattern is also found around the Rockwell indents after indentation. The shear band number and spacing are correlated quantitatively with
the pre-annealing time.

Key words: bulk metallic glass; structural relaxation; free volume; hardness; shear band
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