Chinese Physical Society
Mﬂﬁﬁ Acta Physica Sinica "

; Institute of Physics, CAS

CRIBRRESHHES Btz

FRR

Bonding nature and the origin of ductility of metallic glasses

Yuan Chen-Chen

5| {5 & Citation: Acta Physica Sinica, 66, 176402 (2017) DOI: 10.7498/aps.66.176402

1E 251515 View online:  http://dx.doi.org/10.7498/aps.66.176402
AP R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/117

AT RE R B E b3 E

Articles you may be interested in

< B P I A R Y
Thermoplastic forming of bulk metallic glasses
YE = 4.2017, 66(17): 176404  http://dx.doi.org/10.7498/aps.66.176103

TR R AL A SR CuseZryg BB IR TE BLRE 1A KRB )1 B

Heredity of icosahedrons: a kinetic parameter related to glass-forming abilities of rapidly solidified CusgZr4
alloys

Yy 2242 2016, 65(6): 066401 http://dx.doi.org/10.7498/aps.65.066401

I 5E <5 A B IS WO S5 44 v () — A+ iR S BT 7%
Identifying icosahedron-like clusters in metallic glasses
YE = 4.2016, 65(9): 096402  http://dx.doi.org/10.7498/aps.65.096402

A i S R AL P S iR
The inherited structure of amorphous matter
PP 2EH%.2017, 66(17): 176405  http://dx.doi.org/10.7498/aps.66.176103

B B T SR AR TR
Fragile-to-strong transition in metallic glass-forming liquid
YH 24,2017, 66(17): 176403  http://dx.doi.org/10.7498/aps.66.176403


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.176402
http://dx.doi.org/10.7498/aps.66.176402
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I17
http://wulixb.iphy.ac.cn/CN/abstract/abstract70713.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70713.shtml
http://dx.doi.org/10.7498/aps.66.176103
http://wulixb.iphy.ac.cn/CN/abstract/abstract66832.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66832.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract66832.shtml
http://dx.doi.org/10.7498/aps.65.066401
http://wulixb.iphy.ac.cn/CN/abstract/abstract67123.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67123.shtml
http://dx.doi.org/10.7498/aps.65.096402
http://wulixb.iphy.ac.cn/CN/abstract/abstract70714.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70714.shtml
http://dx.doi.org/10.7498/aps.66.176103
http://wulixb.iphy.ac.cn/CN/abstract/abstract70688.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70688.shtml
http://dx.doi.org/10.7498/aps.66.176403

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176402

EiE FREMRER

ERBIBIESFHES 2B IR

RRET

(RFRF MBS S5 TSR, Ml 211189)

(2017 4E 6 3 1 HLE]; 2017 4 6 A 27 HYEMB IR )

H R (L i S R R A R, R B R AR PR B BT AR B O AR P B R I 1%,
R 10 9 P2 % R T 1 R R T R AT RE ) R R, A S A A e b, 5 e B
AT AW EE R R R, 208 T SRME T 45 5 T AR N AE R R B W FU ik JE, JF &
G T )R B T A REAL R AL S AN T BT B, R X B AR AR R T R B S R
BB, X PRIV B ) & R PO R R B —E R e E L

KRR SRPOH, e, J1ErERe, B

PACS: 64.70.pe, 71.23.Cq, 87.15.La, 62.20.fk

1 58 =

KA LIOR, AT B i e 57 45 0 A e Y
SE R AR SR S R B 0T A BR 18 BRI
WAEL TEERSHE, BT ST AT R S5 T AR
B TARIE NG R mRARNLE B N R TR R AR S
J& 703 [ SR AT IR U0 85 iR R A AR
L Tk IR KRR P A, EAMRAMEE
SLESFRIE BE A E R FR. AR SO LT 45 4 A1 2
AR T I A A2 A S AOW T A
AN WLEE PR P AE R 2 75 T AOBE 78 AR, IR XTHR R
WHKENLE S RIS EERRA —EMEENE K
YER. A0 e A3 & e i 7 S A0 g 2 1k
REMI R AR AR A, /8 T &) BB I i T 45 M e
fIE LR W7 54 5 7 2 PR RE R Y AE 58 &R BT 7T it
J&, SR 4 TR R A A T B bR
A2 E S J B3 FL T A A K T T A 8T F AT
R

DOTI: 10.7498/aps.66.176402

2 RTHEMENFHRENNERR

21 EESHMBPEFEHSNFERED
RAEXR

KT EEERP TSNS AR
RAERIBT T AR P 2. ARl v ) — SRR
I, AR R bee &R AL BHLIE P, B, C,
P, SZEIGER I S THRATILR P, 35 5300 d 74544
YIRS B R AT NI R R
FEH B, BN EE R A R 2 WO E L
P A R AR GG T | (ER TV AR B A A [ i
SN M 2 B0 20 < AN 5 < 2 T 30 e 1
AT . Bt HEN T SR 204 )8 Be AESIR T
TR, TEAR T B8 5 T AR R T AN 2t B (78] T [ A
gir ol s TiA % iR, R R
M AE etk 1 AR, (T 1 J 1 HE B B R 2%
ARG, I 8 R 545 A 1 5T B S A

* EFR AR IS ('S 51601038, 51631003). VL34 H AR #H:4E (i 'S: BK20171354). [H 5K & s SRl 70 R Je vh &I (4t
#E5: 2016 YFB0300502) Flth e 3 AR 55 2 (LS : 2242017K40189) B B fURE.

T #{E/E# . E-mail: yuanchenchenneu@163.com

© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

176402-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.176402
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176402

(a) K [110]
[111]
[001] x10-5 ScCu

(b) [110]
l : [111]

[001] ScRu ScRh

X10~

I‘l0
—0.6

1.0

B1 AR B2 45 & R &Y RM {110} i Py s g oA 112

DyCu ErCu LuCu

- 515 BB RIRRIR Y

ScPd ScAg

- RS N RE R

ScPt ScAu
a) A LICRARN Cu st B2 6 &4; (b) AR %

TEER (W UER ) LR ScM HH IS LA 43 A, X HLAs %ﬁﬁ#ﬁ@#ﬂﬁﬁ(fwﬁ%ﬁ}%m dHTHH (7310 mm&x) i

F; Wit e RAEETHH G, JE B R SR M e 20O R T RN,

T e AR AT S R TR K

Fig. 1. Bonding charge distribution (BCD) on B2 {1 1 0} plane for various RM intermetallic compounds['?]: (a) The

Cu-based B2 compounds with different earth elements; (b) the BCD panels arranged as the number of transition metal d

electrons increase from 7 to 10 (i. e. from group 8 to group 11) in the ScM phases. The rare earth atom is in the center

of each plot and is surrounded by four M metal atoms. Red means an increase of the charge accumulated (i. e. electron

density) after bonding, deep blue means a charge density loss.
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Fig. 2. Extra-electron induced covalent strengthening: (a)—(d) Total DFT electronic densities of states of FCC-Al,
AlioW-type Ali2X (X = Re, O and He), [J denotes that X is replaced by a vacancy; (e) and (f), section contour
maps of the difference of charge densities for (e) the Al—AIl covalent bonds connecting the nearest-neighboring
icosahedra as illustrated by the (020) plane and (f) the intra Al-—Re covalent bonds within the Al12 icosahedron

in the (0y0) plane of Alj2Re, the red and blue isovalues correspond to the charge accumulations and depletions,

respectively; (g) the comparison of calculated bulk moduli (B in GPa), Young moduli (F in GPa), shear moduli (G
in GPa) and Cauchy pressure C12-C44 as well as Pugh’s modulus ratio of G/B (right side) in the series of Al;2l],
FCC Al, and Al;2X (X = Cr, Mo, W, Mn, Tc and Re) [24],
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DOS ——»
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Fig. 5. A schematic diagram of density of states (DOS)
shape against binding energy (BE). For clarity, only
Al 3s, Al 3p and TM (Co, Ni, Cu) 3d and Zr 4d states
are illustrated [34].
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the atomic shear displacement (821,
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Abstract

Understanding the structure-property relationship of metallic glasses (MGs) at an atomic- or electronic level is a
challenging topic in condensed matter physics. MGs usually exhibit low macroscopic plasticity, owing to the localized
plastic flow in nano- and micro-meter scale shear bands upon deformation, which impedes their wide application as
new structural materials. Thus, a detailed description of internal structure and establishing the structure-property
relationship would underpin our knowledge of the mechanisms for the ductility /brittleness of MGs and further improve
their plasticity. Due to the lack of structural defects such as dislocations and grain boundaries, the short- or middle-ranged
ordered clusters are the typical deformation units in MGs, where the bonding strength and direction between atoms are
the key factors that affect the cooperative displacements inside deformation unit. However, the bonding nature of MGs
and their structure-property relationship are little studied systematically, which hinders our comprehensive understanding
the basic problems about mechanical behaviors of MGs, such as fracture and plasticity deformation mechanism.

In this paper, the potential correlation between the flexibility of bonding and ductility of MGs is discussed in
detail. The first section gives a simple introduction of this topic. In the second section, the latest research progress of
the electronic structural study of MGs is presented. Here, the corresponding studies of electronic structures of crystal
alloys and their relationship with the mechanical properties are also presented for comparison. In the third section,
the traditional and new experimental techniques employed for electronic structure measurements are presented, such
as X-ray photoelectron spectroscopy, ultraviolet photoemission spectroscopy and auger electron spectroscopy and the
parameters such as nuclear magnetic resonance knight shift, susceptibility (x) and specific heat (C) are also given in
order to introduce electronic structure analysis methods of MGs and further reveal the bonding character of MGs and
recent experimental findings of the relationship between the electronic structure and the mechanical properties of MGs.

Numerous studies show that in the typical transition metal (TM)—metalloid metallic glass systems, the bond
flexibility or mobility of atoms at the tip of crack that depends on the degree of bonding hybridization, determines the
intrinsic plasticity versus brittleness. For instance, in these transition metal (TM)-based MGs, when metalloid element
M with sp-element shells is alloyed in the TM matrix, the s-density of states (DOS) at M sites is scattered far below
the Fermi level due to the pd hybridization between the p orbitals of M element and the d orbitals of TM. This causes

the reduction of s-DOS at the Fermi energy (gs(Er)) at the solute M sites and exhibits a strong directional boning

* Project supported by the National Natural Science Foundation of China (Grant Nos. 51601038, 51631003), the Natural
Science Foundation of Jiangsu Province, China (Grant No. BK20171354), the National Basic Research Program of China
(Grant No. 2016YFB0300502), and the Fundamental Research Funds for the Central Universities, China (Grant No.
2242017K40189).
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character. Thus, it is proposed that the gs(Er) can be employed as an effective order parameter to characterize the
nature of bonding, especially in the aspect of evaluating bond flexibilities in amorphous alloys. This shows that the
plastic flow and fracture process of MGs on an atomic scale can be well described using a simple bonding model where
the deformation process is accompanied with the broken-down and reforming of atomic bonding inside short- or middle-
ranged ordered clusters, since the defects are absent in MGs. We hope that this introduction can provide a much clearer
picture of the bonding character of MGs, and further guide us in understanding the mechanism for ductile-to-brittle

transition in MGs and exploring the novel MGs with intrinsic plasticity.

Keywords: metallic glasses, electronic structure, mechanical properties, ductility
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