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Abstract

The chapter reviewed recent developments about intrinsic structure of metallic glasses

and their mechanical properties at atomic level, with an emphasis on making connec-

tions between developments in theory and simulations. Topics covered the follow -

ing: structure analysis on metallic glasses with methods of pair distribution function,
T—Z2CE24, —eZ>007Z—1S—Se¢e’'ed1S—e1 > —""1eZe®Ze+Se "~
' Z1-ZE'S—"ESe1™>" ™75 70001®'ZS551<¢S—e1’—"¢’Se’"—1S—»1

and deformation mode transition from cast metallic glasses to reconstructed nanoglasses.

These works provided theoretical understanding on the essence of metallic glasses’

—ZE'S—"ESe1™>" ™70 70@1S—e1eZ¢"5-Se’"—1<¢Z2'SY""5081S—-1

sive applications of metallic glasses.

Keywords: metallic glasses, molecular dynamics simulation, shear bands, structure
analysis, mechanical behavior

1. Introduction

Metallic glasses (MGs), also named amorphous alloys for their disordered atomic structure,
<Z'SYZ1Z{EZeeZ—1-7ZE'S—" ES*1<Z'SY " >0001'—EeZe —el' e
Zi*>Z-71"'1'S>e—70®OLE " -™S>Z¢1 '¢'1e5Se’ e’ " _SelE>C@e
lent mechanical performance in micro-nano scale, MGs have a great application potential in
ultra-precision systems. The research work on MGs has been proceeding for over 50 year

i 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG

|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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(7o'l Zi™MZ>y ' —Z—eSee1S—ele'Z 57’ ESeeCil ZS— '"eZ01l'Z1
'0'1S'e@1TelE -™2e7510@E ' Z—EZ1'SYZ1Se® ™ 1<Z2Z—12YZ+
mental research from the theoretical aspect. The most used simulation methods for the MGs
S>Z1 —'eZ1Z7¢7-2—+1-72+""¢10 (1S—e1-"2ZE2S>1¢—S—"E
constitutive model of MG at the macroscopic scale on time and space, which is coincident with
Zi™Z>' —Z—+Sel ">"@il ">1e’®@1SeYS—eSeZ81'¢1'®@17®2See¢!
properties and shear bands (SBs) formation in the bulk MG systems [L-4pi1 ee¢'~7¢*1S:
usually regarded as isotropic and homogeneous from the macroscopic scale, a homogeneou
E~"—0ee’e2e’'YZ1-"eZe1l’®®1—"01le? ' Z—e1le">1¢'Z1eZ2Z—7>Se""—

letweZ—11 "51e'Z1'—-™>"VZ-7—e81le “1e’ Z5Z—e1 17 5-Se'"
[1,2p1S—e10‘ZS>1>S—0e’ '~ — 1Bf£4-wetd émplaydck in/constitutive model to
™57V eZ1 —7@EeZSe " —1™ e’’’ Z@el —1e'Z1 1-"eZe31S—
¢ Z™'Ee —ele'Z1e"5-Se’"—1™,"EZeel el il " ZYZ>81+'Z
¢ ZEECLeZE> ™o’ " —17e1 " 1ZYZ—+®@1SEE >e' —ele"1e'Z1s "1
¢ —S—"Eel el1e'Z1 " 1ZYZ—+@1e>" 1S " E1Se™ZE-il 2>+
stitutive model for the research of MGs have to build on accurate description of their atomic
e>72Ee7>72i11 "—EZO1e'Z1eSE”"17 017 ZE'YZ1Z{™Z> -7 —+Se1
“el ©81>Z@ e —ele'Z1'—es'— @ ELleHrZEeZ>Z1"—eC¢1le>"-1
ZEZ—eeCd1 1-Z+""e@1S>Z1e2ZYZe " ™Zele"1" Z>1™ e’ s ¢
Se™"—E®1eZYZ+il ¢loe’'—2¢Se’—e1e'Z1Se"—1l-"YZ-7Z—ee1S—-1
lation can calculate the basic thermal information of a MG ensemble, including temperature,
potential energy, as well as some derived information such as atom shear stress, atom shee
®e>S —81S—elwe>2Ee2>212Y ez "—1S—el®"1"—il ‘Zed1
when investigating the intrinsic structure of MG, and its connection with mechanical proper -
ties, as well as the elastic to plastic deformation transition.

In this chapter, we mainly take a review on the former research work on the connections
between structure and properties in MGs. We began with the current understanding in the
structure of MGs and then discuss their proper connection with some mechanical behaviors.

eeZ> S>e@31-"H>7Z1@™ZE’ Ele'eE®Ze®'"—1"—1'Z1 ®le">-
«<S®Ze1"—1YS>»""7@1-ZE'S— E®1™+1 le' -72+S+'"—@il '—S
their applications, we discussed several multi-component materials derived from cast MGs,
and have an outlook on the development trend of MG preparation and application.

2. Structure of metallic glasses

‘Z1ZeweZ—e'Sele7Se757217¢1 1'1E " —0e'*Z>Z+1S®ele’' ">z
e“1eZ0@E>'<Z1e'Z1e eSele7Se757@17«1S-">™ " 7@les>2E*2>71
ture of amorphous system, as well as the correlation of amorphous structure and mechanical
behaviors, has obstructed the development on design and implication of amorphous materi -
Sel®eZ>'"2@eCil 'Z@O1s'Z1E 'S>SE+Z>'£Se'"—1S—el-"eZe'—
of the most important and challenge research works in condense physics and material science
area, and it is also the basis of research work on the mechanical behavior of MGs.
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‘Z1 >oeel—"eZel el SeT " (El1re>ZEZ2>7Z1'—1 1 SceleZYZe" ™Zu
S1eZ—©Z1>S—e"—1™MSE"Zelee>7E+2>21"21282S+, @ £Ze1l™
and long-range order [5]. Bernal used the active hard balls to describe a liquid-like amor-
™ 7l teeZ-81S—+1S—SeCEZele'Z1>Se’Sele’@er'cze’"—1s;
a good consistence with that of liquid system. This model provided a possibility of modeling
S—elE'S>SE+Z>'£Se'"—1<S®Ze1"—1'Z1E -™275106E Z—CE
®e>2Ee72521-"eZe' —e1'S®1<2Z2—1<S®eZ+1"—1 Z>—S+ &l ">"5
Ze'"ee1'SYZ1<¢Z2Z—1>S’eZ+1e>"=1'Z1Se™ZEe®@1 eleSe' 0

7eSe' " — il ‘Z1-"0e170Z1E 'S>SEeZ>'£Se’"—1—-Ze¢'"eel1™el
Sele'Zle ee” "—el’ ' —1e'®R1EZE* " —d1 ' —Eeze'—el ™MS'57 ¢’
S—Sete’'edlS—el > —""1eZe®ZeeSe' " —1-7e""e]

2.1. Pair distribution function

S'>1le’'oee>’'<z2e’"—1e7—E+s'"—10 Ul'cele'Z1-"*l1E*Ser'ES:
"—1S-">™M "7eleteeZ-001l'e1’'ccl 'eZet170eZ1'—1+'Z1E"'S
—Se75'Seeil ¢1'@1S1™MS ' 1E " >>Z¢Se’"—1>7Z™s7@7Z—e' —ele'Z

as a function of distancer1 ¢>"—-1S—1SVYZ>S¢Z1 EZ—+7>1S+"—-i1 —18S
o/ —7+1Sceii

N
r?-7—9 r°
9N = 929N.111,%(

ru‘|) ' (1)

where || is the interatomic distance between atomi and atom j, and - is the number density of
atomsmthesystemwﬂthS- —il EE e’ —ele"1e'Z1 1E2>YZ171S
range order information can be manifested by the peak position, peak width, and relative inten -
®'eCOLZeEil "—YZ—e'"—See¢d1e'Z1—7Ss7Z0e,—Z'*'<>1l'Zes:
sZ™sZ7Z0eZ—eele ">e1>S—eZ17>¢75110 Ul —1e‘Z1 i1 1eZ>¢'7Z>
the medium-range order (MRO). With distance rl1 e’ —e1¢S>e7581 1e>Se7See
unity, which means the atoms are randomly distributed, represents the long-range disorder.

‘Z10e>2E 7252172V eze’"—1e>"—1e¢'8§7'0¢1¢ " 1eeSeel1ES—1<Z1c
cooling procedure. Figure 11 «’ce ™eS¢cel+'Z1 1EZ>YZgpi1 13115
temperature regions during its preparation process. It can be clearly seen that with decreas
' eleZ-™75Se7571075 —e1877Z—E" —+e1™>"EZe®dle'Z1®eZIE"
becomes more pronounced, which indicates the formation of the glass phase and enhance
—Z—el7el i1l Z5>%'Z>—"57281'Z1S™M™MZS5' _el1e7_™Z75Se7571 1
glass transition temperature (Tg), indicating the generally formation and stability of the glass
structure.

1" @1E —E' ®Z1S—e1E+Z2S51">1«'Z1E'S>SEZ>'£Se'"—1"°
oZeZEs —e1e¢'Z1S-">™ "701 ™ 'SeZle>S—0eZ>5>2+1+>"-1S1E>
'eZeC17@Ze1e”1YZ> 001217 ZE'YZ1 1-" 6] Hovicverthisinethod
'@l —eC1Z®eSce’®@'Ze1"—1S1 @S’ E1<Se’'®dl '+ "1
@il e1ES——"e1™5 Y eZ1e'Z1@™ZE’ Ele" ™ e e¢leZeE>'™
has a limitation when further revealing the atomic structure geometry of MGs.
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Figure 1.1 S»>e’'Sele’es’cze' " —1e7—Ee'"—17e1 7, >1 17> —el18727—E"" —e1™> " EZc
XiXil "—Z¢CE24, —eZ>@7Z—1S—Sete’ e

1 'eZ2¢¢1702721S—e17Z ZE'YZ1S—Set@' @l—Ze'"ole 51 Z1e” ™"
E ——-"—1—Z7'+'<>1S—Se¢te’'elld 081 “E'1’ccl™> " TMHedZ+1l0¢ll
to describe a bonding correlation between neighboring atoms in highly regular ordered systems
with integers jkl: (@)j1le~>1e¢'Z1—7—<Z>17e1—7S>1—27"+"'<">ce 1+ Kionths Nkt
Z>17 1< —ee1S-"—e1e'Z10e"'S> 7 dlepréseritsthemnarhife@iiioSds-in the longes
bonding chainin k1¢¢ ™ Z 1<~ —eceil ¢1ES—17Z ZEe'YZeCleZeZEeleZ—7
in crystalline materials, but when used for various disordered structures, it cannot describe an
accurate amorphous local structure and might have a misleading to structure analysis of MG.

'—7eS51 'e'1l 1S—Set@'®el-Z+'"edl "—Z2CEZz4, —eZ>0Z—10 -

tiple integers ijkl to describe more unregularly ordered and complicated bond types [ 8]. The
additional number iinthe , indices ijkl indicates whether or not the near neighbors are
bonded, i = 1 for bonded pairs andi = 2 for nonbonding atoms, and | is used to distinguish
o0 27—l < —eleZ -7’71’ —1ES®Z1+'2Z1 >aele'>221—7-
oZ>'VZeles"—1 1EZ>5YZ®@1e51'Z1 ™S>’ E2eS>1™S"’517e1Se"—
, I’ — e’ EZele"1>Z™>7@7Z—ele’ e’ —e7’R'Zelc —ele¢t™Z il -
characteristics of icosahedral ordering, which mainly contribute to SRO in MGs.

, 1" — e EZ®R1ES—1<Z172-™e"¢Zele"1S—SeCE£Z1 1leer>7z2Es2
S—S-¢ e’ g3 MAdidring the preparation process [9pT1 ¢1e‘Z1¢' 87 e10e*SeZ

o'l 1T —"EZEIWZZWI1IS—eI1W\\Wle"—'—SeZele'Z1l —’'e¢’'Se:
the proportions 42 and 56%, respectively. When the temperature went to the totally melting
liquid phase, the proportions dropped to 7 and 6%. The amorphous bond type 1431, 1541, anc
W[[W1' —E>Z2S®Z+1+"1W\d1WX31S—e1WZ-081>Z@™ZE+'YZ+0]

, 1 — o E®Zel Z5Z1-"—"9"5781'ZCLle"7—e1"71¢'Se1WZYW1!
while the icosahedral 1551 and 2331 pairs increased uniformly as the system being supet
E""eZe17—21S1e"ES*1-S{'-S1S¢1]VV1 81— ESe'—ele'71
state. Therefore, as the MG system is cooled from its liquid state, the icosahedral symmetry
keeps increasing and this SRO structure has been proved a correlation with stability and gen-
eration of a MG system.
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2.3. Voronoi tessellation

, 1S —Setoe'el -2 el ES—1>2Y72Sele'Z1e "™ "¢l 1lcee>?
' Z1®@™ZE EL1leZ " —Ze>¢12Se75Z®17«1 1lees>z2Ee2z>2il >~ —"
—Ze "0l eZYZe"™ZelcG1l —e> 07 E —e1e'Z1E —EZ™e1"e]l """
Ee"Ze1E —YZijl ™ e¢'Ze>Sel7Z—Ee"0Ze1<¢1e'Z1YZ>"ES-1
and center atom [10]. Usually, i, is used to represent the number of polygon with k edges in

S1 H"—""1™"e¢ ' Ze>Se81S—1S1"iZpizh 2 AL 0@ ¥YEE 65 /EANLS e 1 «
to describe the arrangement and symmetry of the nearest-neighbor atoms around the centel
Se™—i1 "517iS-™eZ781S—1"E"0S‘Ze>Sel "¢'1 "> —""1"—eZi1A1
S—el1S1™ ¢ Ze>Sel "o'1’'—eZi1AL1VEYBI\OVIAL'Se1Y182Se>’
™ e¢'Ze>Sel "1 @S—-7Z1 > —""1"—eZi1ES—1<Z1E —E 771
Seele'Z1e"ESelEeZ®eZ>1lE -™ "@’'s’"—el —1 81e'Z1-"0e"
T "1™ e ¢ Ze5Sele¢™Ze1S—e1ES—1<Z1572+S>¢1Se1-S —-

—T—el e Z®@Z1-2Z—"—7+1S—Sete’el —Ze"e@dleZ1l 5" —""
SEE7>8¢721S—e17Z ZEe'YZ1e "ele ™ 51e¢™ ESeloees7Ee2>21"
many researchers [LO-13pi1 ‘Z—e1Z1Seil7@Zele’ @1 —-Ze'"ele"1eZe(
el 7,51 1eZy —el1877—EVHPLIMY EIZR@Aly™M " ™7eS51 """
2572172+7Z@E72+81 "E'1SEE " 2—e —ele>17YZ>51][-17+1Seel 2

‘Sel1E ——"—1E‘'S>SE*Z>' e’ Erl el 'e‘1et——7>¢15—¢1S1
Ee72@eZ>2@1‘SYZ1le” 1t ——7¢>¢1S—e17007Seet1'>>72¢72¢S>1™ e
c'e”reZe10e'S™Z0eil ‘Z1™ ¢ Ze>Sel el "> —""1"—eZj1A1VE

©2"—7+>01S—e1"E " ®S'Ze>Sel®e>2E+2>281S—e1eZ —7+1Sce1l
found increase sharply during the quenching process, especially during the supercooled liq -
uid regime. While the cluster motifs of MG with lower symmetry had a gradually change
with the sample cooling. But the fragmental ones, which might the motifs of equilibrium
liquid at melting temperature, decreased sharply accompanying with formation of glass state.
‘ZeZ17<eZ>YSe " —mlmzieeZeeZele'Sel 1Eez0eeZ>1-"ceeeC1
@7e’e, 0" 721 —Se757217¢1 ©31S—e1 'e'le” Z>1E " "e'—e1>Se781-
the generated MG a more stable one, which was consistent with glass formation cooling rate
I ™Z o7 —(EZil Z1 'ee1'SYZ1S1-">21%Z2S'eZ+1e’cEZz®E®El —

2.4. MRO structures in MG

C1E " —C—"—e1Zi™MZ>' —7—eSe1E 'S>SE+Z>'£Se’"—1e¢ " "e@loe?
with ab initio simulation method, Sheng et al. resolved the MRO structure of various MGs
[Bpil "¢*1S™M™Me' ESe’ —17e1l "> —""1eZ@mZeeSe’ " —dle'Z1e">-¢

T —1 ™ ¢ Ze5Se]l ‘el ees  —elEZ-"ESe1leSY > —el7—e""71
§72Sw’,282'YSeZ—e1@Eez0eeZ> il —1'Z7Z1<Se’el1”+1+'2152S
ther proposed to be dense packing of these clusters by sharing shell atoms, and regard a
©Z—27>Se172S8e75721%«1 i1l >2721<Se’EL1"E " eS'Z+>S1+'—"S+Z0
ZeeZ ,'S>’—e10 (1S—e1Y7Z>Figure Shows shk dypidal connections of SRC
S—el 1> 2Ee7>21'—1'>2721 il '21S—Se¢£Z1YS>" "7l
simulation. They indicated that the MRO structure can be interpreted as spherical-periodic
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Figure 2. Typical connections of SRO clusters and MRO structures in MGs [6].

order and local translational symmetry, and the increasing of MRO structures proceeded
throughout the glass transition process [14].
“Z1E " —<'—'—e17el 1S—ele ™ "' ESe1S—Set@’eel-Z "
il 'S—el'eZ—" Ze1'E " ®S'Ze>Sel1Eezm®eZ>1le> " =1S—1 o, —
and found some neighbor clusters have linkage with structure packed and atoms shared [15].
‘Z1'E"eS'Ze>S1le’—"SeZel17 el —eZ>E>"0e,®'S>'—+10 udl -
uating the average distances between center atoms in each linking cluster, Liang found the

sl@e>' 7T —17ele' 71’ @ S—EZ®RL1'SIS1IE"—E'«Z—EZ1 '
With more clusters interacted into a network, MRO came to formation in the glass.

With the increase in simulation dimension, it was also found that the clusters tend to form
0S5>071S —e1'—e7>E " ——ZEe ' —el—Z7¢ ">"0il Srelez>e'7>17j7Z-
e 7Z1'"E"0S'Ze>SelEe70eZ>0081S—ele 7—ele'Z1e'YZr'e'Z1l"
Sc 701 721<—S>¢1 A2pill 'o'llyYV—-1e>SEe""—1"¢1 >1Se"—@dle'Z
“el 2, EZ—eZ>7°1 1Ee70eZ>001 "E'leZ—eZele 1 >-1S10c’ —
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>1Se”—0Bd1le'Z1e>SEe'"—1"el 2, EZ—+Z>Z1 1eZE>ZSeZ+leZ
e"1¢Z1e 7z0e'YZ1 'e'1e7ZE&>72S0eZ1'—10’£21S—1'"—E>ZS®eZ1 -
—7—<Z>17e1—7¢ >"01>ZSE'Z21'2Z1-Sj'-72-1S—+1'Se1S1" —
'—E>ZSeZ17+1 >1Se"-01>SE""—i1 1 Soel—; 7 415-Seell % Baiht
‘Sel ' ’e'leeSeoe,s >—"—e1Sce’etdle’ Z>7Z—EZ®l —1—7Z¢ “>"1e
—Z7¢ 5"l el—27'2'72>18S1e? E'Z—e1—">51—7EZeeS>¢1E " —
—Ze¢ >"le™>—Se' " —1¢"701'SYZ1eZ™MZ7Z —e7_—EZ1 " —1e'Z1™>7
" 1-ZE'S—"ESe1<Z'SY'">17e1 1SS0l Zeeil ‘Z1eZS'eZe17i™s

—"e'Z>1e"7—e1<t1l ‘Z—e1'@1e'Se1S—1See’e’" _1"e¢1S10—-See1
'—S5¢1 1ES—1e¢ZSele"1e5S—_Se’ESeetl  —E>ZS@Zel™ ™70
nectivity (shown in Figure 3) [12]. It has been known that the ideal icosahedral dense packing
28725720010 ZYZ>Se1eSE">0fl1S—1Se"—"E1loe’ £Z1>Slks) ditericgd
o'YZ1-"j"—e1'2Z8e17e18¢" —eil ">1<—S8>¢1 7, >1 Jle'Z1Se"—"

Figure3.10S 01 '@+ e>S—1a'™ '—ele’ Z57—EZ®1' —1 1E -™M"—7Z—+e®@1S—<1>SE-
010<U1E " =<' —Se’"—cl1™e1 2, >, 18" —1'—1 2, EZ—<Z>7+1 1 1'—1 %, >, 23l



OHWDOOLF *ODVVHV 3URSHUWLHY DQG 3URFHVVLQJ

S1>Se’Zel’'—1<«Ze ZZ—17*1 >1S—e1 721Se"—01'Z1'>ZZ1S-"
™ e¢Ze>"—1S5"7—e1e'Z1 71S¢"-81S—e1'—E>ZS®eZoele'Z1™
¢ "15ZSE'L V1 Z>¢'Z>—">781e'Z1—7ZeSe’YZ1-"j'—e1'ZSe17e1 o1
'—1e'Z1 7, 51=Se>"ji1 1-">Z21"¢72Se15Se’ 171 Vi_V[17e1l >, «1¢
(Z@E"—=Z1e'Z1e" ™ ¢ e’ ESee¢1 " ™e’'_Se]l S¢1e"51 1™MSE" —eil -
" —7e1S<"VYZ81+'Z1 el'—1+"®@1leZ>—S>¢1 1°YZ>eS™M™MZe1¢
“eleZe>S'Ze>Sele'S>’—e10 8100S-Z1Scel 081 81 &81S—-1
other resulting in the formation of networks (shown in Figure 4). The degree of connectivity
el 1-"e'el1@Z>YZ1S®1e'Z1<SE"«"—Z17e1'Z1 lee>72E+7>Z¢
and improvement of mechanical properties in ternary glass compared with the binary glass.
leZ>e'Z>1@ezeC¢1eS"Z—1<¢1 S—eloezeeZeeZele'Sele'"®Z1l
symmetry structure could also tend to form interconnected networks [ 17pil Zele’ Z>7
otZ10e"e'e, 721 —Z7e "5"@1e>—Z21<t1 1EezeeZ>d1'Z1+" 1
©'87e, 071 —Ze "T>7@I1 T—-™S57e1 'e'letZ1l@ e e, 0’21 —Z ">"0
resistant to shear events and usually fertile sites for plastic deformation.

Figure 4.10S 01 1@Z2™Z>Ee720*Z>1E " —@' ®@s’ —ele " 7251e¢™MZ @1 ¢ 1E ——ZE+""—e:
“el17YZ51]VV1Se —@O10EUL e 2510252217 ¢1E ——ZE+'Y’'e¢1%¢1 1o~ —113k1
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3. Correlation of structure and mechanical properties

The correlation of structure and mechanical properties is a central theme of materials
2@ ZS>E'dL—"1-S47Z>1E>C0esSee’—21-SeZ5'Seel1™51S-">™""
pronouncedly with the internal structures change. Several works have been done for the
'— 27— EZ17e1E'S—eZ®1l —1E -™M"@'e T —1 ™" M e " el S
*">1 ©@17¢1S1 jZe1E -™"’'e'"—81lczel ‘Sel>ZSee¢le"YZr—0e
of atomic-level structures has to be concerned for its quantitative and predictive theory estab-
'e'—Z—eil ‘Z1"E " ®S‘'Ze>Sel EeieeZrleer7Ee7>Z0172®@7See
S—ele'Zle'er' <2’ —0@1S521—"e1Z2Y2Z—1"—10e™SEZ1 '+'1E"

lee>2E+2>21'Sel —e>' —@'ELl 2E+2Se' " —®O1S—e1'Z1+"C
structure and dynamics, and the nanoscale mechanical heterogeneity had been proved with
the using of dynamics force microscopy [18]. The mechanical response of MG sample can b
®'e—" ES—eeCl — 72Z—EZ1<¢1YS>" " Z@le " ESeles>2E2>21-
tions in space. In other words, the structural heterogeneity necessarily leads to mechanica
heterogeneity and decide the mechanical behavior of the MG [10, 19].

EE >’ —e1"1 S"Z¢S 01’ —YZcees +Se'"—o0el ™ —1 5 o= TI0-0.85
MGs, the local geometrical structures had large variation with the change of proportions, and
S ZEeZe1e'721¢ ZeelS—e1e>SE7>Z20FTBY¢ " 2EVMINGIE Sec 151" o-
©>Se1S—Se¢e'el-Ze'"edle'Z1e"ESelees2E&e2>21 Z>Z1E"'S>
and these two factors were found related to each other. The pentagonal regions correspondec
to the densely packed structure and nonpentagonal regions corresponded to the free volume
structure. With shear simulation taken on the various MGs, it was found the pentagon-rich
region tends to undergo elastic deformation, while the pentagon-poor was easily deformed
™eSee’' ESeetil Z—eSe™ — >’ E‘Le"ES*1S>2S1'Sel-"521"5-Ss’
—">Z152eZYS—ele"1¢'Z1 1Ee2e*eZ>81'2001'Z1See5Z7eSe’"—1"0
of SRO. The results indicated the pentagonal SRO contributed the structural stability as well as
elastic strength, while the opposite ones closely related to yield and fracture behavior in MGs.

‘Z1™y7Z™S, S’ 1 ™" EZeoe —e17e1 1See™1‘'SelSlo’s—’
EeZ@eZ>1e¢™M701S—e1E —eZ—2001S—e1’'—e7EZ1l+"ES:
o7 —e1 'S¢l 71 -7ZE'S— ES1<«Z2'SY" 518 —e1e¢—S—"Ecel->Z
ing rates of MG [11]. When applied the same tensile loading procedure to the MG samples
™7 ™MSs7e17—eZ>1e’ 757 —e1E "¢ —el15Se7Z@dle'Z1e@S-™e7Z1
o/ —e7—ECL1e"1e>—1S10e’'—eeZ1S—ele'e¢le"ESe'£Z1 d1 ‘'
S1-">71""="e7—7"7001¢Z¢ >=Se’"—j1 "17¢¢S5’—185187S5—+¢'¢Se"Y
o' 7107572717 ¢1@e>S’'—1e"ESe'£Se’"—1™S,S_7¢751 SoeleZ —:

ocE 7% gN Q(MISGS 0 (aMlses)Z’ (2)

where, alarger el —ZS—ce1¢S>¢751 Z@E 2S¢’ —el’'—1'Z1Se"— Elm-
" —1-"eZ1i1 ‘Z10oe+>S’ — 1" (eeByas BENd fiegdtivly edrigthted with cooling rates
S—el1™ @'’ YZeC1E >>Z¢SeZe]l 'e'1e'Z1e>SE""—1"01 72, EZ—
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simulation also showed the MG with lower cooling rate had higher shear stress compared
etlt e Z51E e’ —e15SeZ @il —el1e'Z1S—Se¢t®' el —100‘'ZS>1-
'etl@e>S —1e"ESESe T —1™Z "7 _"—i1 ‘ZelZlsZezer®1lo
Sle's—' ES—eleZ™7 —e7 —EZ1 —1E "' —e1>SeZ81S—e1>2Y
behavior can be regulated by controlling the quenching process and cooling rates.

'—EZ1 ®leH>-Se'"—1'e1Sle’e—' ES—ele’ e—S+1+H>1ES-S
" —1S—Sete’®el el ®l'el—Z2EZerSs>¢1le"51'Z1¢—S—"C
Ze1Seileeze’ Ze1e'Z1E >52Se’"—1"e1lEe72002>12ZY 02’ "—1 "
7,51 1'—1+'7Z1 127PitABYE+""—e1 +10ZYZ>Sele"—"—S—<1E
»Z2'"—1 7>721S5—SeCEZelez> —eleZe >FiGuWe 5D I BaisS e 11>
eZ>@1 Scel eZ—e 7150 1S10e>72E+7>Sele’e—Se7>717ele'Z1"
'—el17e1e'Z1 1<SE"<—Z1' —es"1eZe®e,®'ZS>>Z®'e*S—317—
™S "™MSeSe’ —e1e”1S51-S""51 1 'e¢'1S1VYZe"E ' +¢1lE"®Z1le"1e™
>72Se—7—e1"—1¢'721Se"—"Eloee>72E*2>721"«1 ol —1 7, >1 1°¢
of SBR2pil 'e'1e'Z1—Z+""e17e1 , 1S—SeCe’ dl< —eZel™S '514¢
71 =" e5>1e"1@Z™Z>E""eZe1+'872'«1E"-™S>7Z«1 FHgdre '6).1The

1S—Setm’'elsZeieemloe'™ Zel'ZeZ> e7Z—7"71ee>2E*7>7
AVIXBONB[1AL EezoeeZr el Zi ' <'eZele> —el@™Se’'Sel E " >>70
other in the SB, and formed interpenetrating solid-like backbone in SB (shown in Figure 7 G :
et al. took another view on the correlation of the mechanical properties and the local structural
>2S>>S—e7—-7—e1"7¢1 o, — S1 1<¢17c —+1 23pS—S+teeZl -
analysis on the system, the numbers of 1551 and 1431 local structures decreased with tt
'—E>ZSe’—elee> S —17—'e1ViV[d1S—ele'Z1 , 1'"—e' EZe1"
when the strain became larger than 0.05. The distributions of atomic local shear strain during
o'Z1eZ—0'"T—1™>"EZerle'” Zele'ZleesSeZoel ele'Z1 — 'Se
the formation of shear bands along a direction 45° from the tensile direction.

Figure 5.1 S>’Se’"—cel1 el VYZ1e =" —S—el 1EezeeZreel '¢'1e'Z1@S-™iF1e*>S" —
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Figure 6.1 "—™ S5’ @™ —1"e1@ZYZ>Selc —eZe1™S 51e¢ ™71’ —1'2123¢>’ijd1'Z1 &

Figure 7.1 "— —Z@E e’ Y ' e¢1"ele'Z1—70¢ "5 10 >—7e1<C1le'Z1EZ—>RPLSe -l 01214

The researching work about MG structure revealed the interconnection of icosahedra clusters
was the intrinsic nature of MGs. The networks forming by neighboring icosahedra to medium

range is negligible for the correlation of structure and mechanical properties in MGs. Lee et al.
ZieZ—eZe1+' 721 @e>72@E 2581 7Z>S>E‘¢1e" 181" —eZ>1>85—e71<¢
networks [24pT11 el Z1-7Z—e'"—Z7¢1S<YZ81'Z1 1loee>72Ee72>Z201S>
neighboring SROs with each other. In Lee’s works, interpenetrating connection of icosahedra
0 (Uloee>7E+7>21 Seel1E " —e>7?E*Z1<¢1"E "S5 Z+>5815—1""
T1Z{™e 5 Z1E™>>Z20Se " —17e1R>7E7>21S—+1-ZE'S—"ESe1™
mostly contributed to structure stability, the potential energy of the center atom of the individual
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Figure 8.1 ‘Z1>ZS"" —e17e1 1—7Z¢ ">l —1e'Z1e2524 010285172+ 5-S«'"—1y

"E @S Ze>S1I™Sse’E'™Se’ —e1'— 1 Z1E ——ZE " —1E'Z-21"
the icosahedra with volume shared type had a lower potential energy and stable structure,
Zos 7351°Se1eS>eZ>1e>SE""—0e17*1 el ''1E-"®RZ1IE"—5 ZTnd
«TeZe'Z51 'e'1-"5717Z—0Z1S " EL1™MSE" —eil 'e'1See e HWds
found more resistant to applied load and showed higher elastic modulus and yield stress. The
e'eClET——ZEeZe1l ®1IE —ee*2eZ1S1E-MSE1"E ®S‘Z
which was resistant to stress-induced shear transformations under applied load. The breaking
"ol 1—Ze¢ >"e1lez> —ele'ZS>1 7+ >—Figure-8 $hig vaxk presehted-the
E"——ZE+'V'e¢17¢1l @®@1S—ele'” Zel'ele' +—' ES—el'— 77—

4. Shear bands in MGs

This part moves on to a view of larger scale on the shear bands and their connection with
the deformation of MGs, which is believed as a breakthrough of atom scale deformation in
®'—72eSe’"—0el 'ef1Zi™MZy'—Z7Z—eSel1™' 7 "7 " _1'—1-SE>"1c
'—1Zi™Zs' —Z—e@]l 'e'17¢'Z51S-">™ "701-S+Z>'See 1k D06
etlcez—ele’™]IS™M™Me 761" 1721 ®2>SEZHLC™ ESeloes’’
surface, and the slip lines are regard caused by shear stress, thus called shear bands.

‘71 >SS’ —1S—e1@™>7Se’'—e]1"e]l 'e‘'etle " ESe'EZe]l el'ce
eS'e7571 01 <>'4e721 Tl 72e1¢'Z1e7@Ee'eZ1 wlE " Zeeloe'~ 1 "-
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e "(ESeESe’ " —1"e1 ©lz—Z>1¢'Z1S-Z1-ZE‘'S— " ESele"Se’ —.
the deformation transition mechanism, the initiation of SBs from a shear transformation is a
o7 —eS—7—eSel ™) o7 _Te 51 Z10eeSse’—eil —717ele'Z1-"0e
S @Ze1<C1I27PTLIHE ">e’ —ele 121 Z7>¢81 1S>721'Z1E%
o>7e017¢1Se"—@81S—21'Z1<S®@' ELZeZ-7Z—o@1l7Z—eZ>¢" " —ele’,
is applied on the MG, the atoms in the cluster have relative movements, and deformation takes
™MeSEZL1 —'eZ1e'Z1Ee70eZ>i1l ‘Z1le' e™>¢’"—17¢1 1’01S-—
SEe’'YSe' " —17—7>001S—el1Y e7-7081¢"1e5S—0eeZ>1S1 1+>"-1

‘Z1™5"™MSeSe’ " 170181 1> —1S1E"eeZE’"—1"¢1 o01'ccl—
™75e"s—7010'ZS>1eZe¢ >=Se’"—1"—1 7, >1<z2+"1 28], and obsen/ed the
— Z@EeZSe " —1S—ele"ESeESe " —1"e1l eleZ>’—el@'ZS>1eZ">
™MeSEZL1e> —181e " ESe18¢"—"E1>2S>>8—e7-7—e1+'""721 81S5—
"—e1"e1Z7See Elee>S ' —17Z—7>0¢1"—1¢'Z10028>1™eS_751S-
o771 01l —eZ>SEeZe1l '¢'1ZSE'17¢'Z51S—ele">-7+1S1 1'—1
generation of SB enhanced the elastic strain energy of the surrounding materials in the in-
™MeS _—71e'>7ZEe " —0ed1l-SeZ1e'Z10e™>7ZSe’ —el1"el 1-">Z1"ES¢

C—£71Z1Sei1eZE>'<Ze1le'Z1™>"™MSeSe —e]1S—eleZYZe"™
T E1eZ2S51<29:3ql1 dNy 1S™MM™MZS57e1Sele Z1E —EZ—e>
@il ‘Z—1e'Z1eS>, Zeele'ZS>1leesZe®lZiEZZw®1le'Z1ee7Z1
<CLle> e’ "—Se1'ZSe’—ed1lS—ele'Z1leZ—ee'17e1e'71 1'—E>ZS
1 "72¢01<«Z@E"—Z1-Se2>'—21e"1S1e"E®Se'£Z2+1 il —1SeZe,>7";
—"eZe1 SelzeZele 1o Z1eZ@@E> ™o’ " —1"ele'Z1@‘ZS>1e> —-
glass, rejuvenated glass, glue, and liquid (illustrated in Figure 9). The temperature distributes
from room temperature at aged glass end to over the glass transition temperature at the liquid
end. Their model was supported by the temperature rising phenomenon, which can reach a
—Si'=2-1"YZ>1WVVV1 01 ES—1See™1<Z1YZ>’' Zele>"—1e'7Z1>57
[31]. They planted a fusible tin coating to observe the temperature rise during bend-test on
MG, and observed melting in the SBs formation area, thus deduced that local temperature rise
in the bands can reach a few thousand kelvin.

">1S1e75¢'Z517—eZ>0@¢S—e¢' —e1"—1 ®81e'Z1-ZE'S—"ES-1
““717¢1SeilctleZope’—eleS—™eZ@l 'e'1™>7 7i'cee — 82 ltowds
demonstrated that pre-deformation lowered material strength and triggered enhanced strain
ZEe2Se " —1¢Ze">710S—™eZ1¢ Zee'—e81leZSe’—ele" 1" e'egle’

Figure 9.1 ‘Z1SeZe ,572"“2YZ—Se’"— 0077 0’87’10 A0 ZS>1¢S—el1—"eZe1ly
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®CS—™eZi1l ‘Z1e>S—@’'e’"—1"—1eZe">5—-Se’"—1_-"eZle>"—1""e'e(-
ESe'£Ze1™eSee’EL1eZe >—Se’"—1 Se1SeEe " E’'SeZel '+'1+71
of the material and the critical stress required for the formation of mature SBs in the load-

<2S>'—e1-SeZ>5'Seeil ‘"—e1Z1Sei1Zjs>SEeZels'Z1 1™Ss5e1’
applied tensile stress on the SB sample 33]. The SB tended to have softened tensile behavio
S—el'"—"eZ—"701Z¢ >=-Se’"—081 'e'le” Z51leZ—®'eZl®>ZRE

"Y' TZeleTESESe T —17e1Se" " EL1e>S —i

Basing on the above investigation, the cavitation and propagation of SBs seems have a relatio
' 1YS> "z leSETH ed1lezE'1S®ElIre’'£Z1EESZLIE " —15S
1’ —72¢Se’ " —@1le™1l'—YZ@ee'sSeZle'Z1eZ—@'eZ1eZ+ 5-Se'"—1¢

lion atoms [34]. They found small rob samples showed remarkable resistance to formation of

SBs, and behaved unusual necking phenomenon. Three factors were concluded as contribt

T —1e"1e'Z1eZe 5—Se’"—1-"e710'£2172 ZE Nl ®i>*SEZ1Z Z

©S-—™eZ10'£Zi1 'e'1S1e75¢'Z>10e72¢1 " —1'Z10'2ZS>1<S—e'—

©'Z¢1 —¢' ESeZe1S1E> ' ESele'-Z—®'""—1® £Z1S<2+1WV.XV

[35pi1 S~1Z+1Seile™z—ele'Z1®@'£7212Z ZE el —1e'Z1eZ¢ " 5-Se’'~—

©>Se7SeeC1eZE>Z2Se’'—ed1le'Z1leZe >=Se’"—1-"eZ17e1l 172V eVYZ+1

e ] " —"e7Z—"701eZe >—Se’ " —8lczele'ZleesZeel —E>ZS®eZ1lc

[36PpT1 ‘"—e1Z7¢1Seil1Se@™1'Sel1S—1"—eZ57Z@e1l’ —1'Z1'£217 .

e E"—Ze®lTel 31S1e>5S—0'e’ " —1es -1 Z1e"ESe'EZeLeZ "5~

indeed occurred [37]. Their further study revealed that the critical thickness for this transition

was sensitive to the composition, and it was correlated with the average activation energy of

the atomic level plastic deformation events [ 38].

‘Z—e1701SeileZ-"—@e>SeZe1e'Z17Z ZEe®1 e1E "¢’ —e1>Se71¢
mation [11, 12p A1 "¢*1S1e” Z>1E "¢’ —e15SeZ81e'Z1 1Zj" < eZsl"'' s
*"1lee>S —1e"ESE£SeT—01'Z1 1 IE M1 "9 7— 1"
Sel-">Z1>Z®’'eeS—ele " 1le'Z1 —’'¢’'Se’"—17e¢1 " el<czel —E>
'eZ1,75,1 Sl T—1e'Z1" ™M™ ’eZ1 e 211l ‘T—e1Ze1SeilZe £
composites by controlling the layers thickness and numbers of the two MGs, and investigated
the deformation behavior of these composites [39]. They found out that MG samples with
“et1eS¢Z51—72-<Z>@1™>7Z0Z—1"<Y' "Z@etl—"—e"ESeEZe1>
the deformation mode change for MGs was suggested as the competition between the elasti
Z—275eCleZ—@'s’Zelee >2e1S—ele'Z172—750¢1leZ—0'e¢1—277
o7>0'7251'—VYZ0ee eS¢’ "—1"—1'7Z1S——7Se’—e17 ZE&Ee®1>2YZS
also be regulated by annealing, with free volume deduction detected during the structural
5Z2¢S S’  — 1B IE B 1y —eSe'"—1®'—72¢Se’""—e1l"—1<—S:
presented that the SB morphology under indenter had great dependence on indentation rate
[40, 41pT1 ¢1S1e” Z>1e"Se’—e15Se781 @loe'™ Zel '—e, ¢’"Z21-">1
to the surface. In the opposite, wedge-like SBs came to formation and penetrated downward
e"1 1-Se>’j1Sel1e'Z>1¢"Se’—e158Se7i1 —172>1™>72Y" 7201 1lce
Se ™17 «®Z>YZe1-">Z1«"ES*'£Z1 ®lz—eZ51"—eZ—+Se’"—18
ol —7"701eZ+ 5=Se’ " —1-"5>™ "e"e(1Sel5 " —1e7Z-™M75Se7>7281 ‘"
characteristic of most MGs at low temperature [42].
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The spreading of SBs can also be triggered or suppressed by cyclic loads, and it is relevar
"l oe"eeZ—1"51'S>e72—1<Z2'SY" 5171 il ‘S1Z«1Sei1™Z7>
E"-™>Zcem’ ~—1«$ 3 MGI23 They observed the initiation and propagation of a
major SB throughout the MG sample under cyclic loading. The cycling loads accelerated the
SEE7Z-72+S¢'"—17¢1 0081S—ele>’'eeZ>7ele'71@™>7ZSe’—el1”e1l

o' Z1E>'e'"ESel1®e' £21¢ 51 @‘'Z2ZS>1<S—e'—eil ZS— “"e781le‘'Z1e7¢
'e'leesZeeley ™MEdlS—ele'l —e' ESeZele'Zle " eeZ—1<7Z
“"e71 Z—e171Sei1"<eZ>YZe1'S>eZ7Z—"—e1<Z'SY'"">17¢1 7, >1

'—1 1ce’'-7e A Fhapihdicated the post plastic deformation induced by the earlier
'—eZ—sSe’ " —@lEeZz™M™yZ@eeZele'Z1l 1e>—Se'"—1<C1le"ESee(
shear banding path, and then a higher load was needed for a secondary path of shear band
ing yield. Our works demonstrated this hardening behavior could be more severe under
higher indentation loads or temperature [ 42]. In fact, these factors would induce higher

™MeSpe' E'eCl —1e‘Z1eZe " >—"—el57¢'"—3d1 “"E‘'Le">—Ze1-">21(
S— el ™, 7YZ7Z—eZele"ESe'£7Z¢1 @1l >—Se'"—7i1 ‘ZeZl ">"cel™
™7 7" 1 @E"zeel'S™M™MZ__ 1" 1 3127211 celoe™>Z

types of cyclic loads.

5. Deformation behaviors of nanoglass

o'l ete]l —'"—"eZ 77701 7 >-Se’"—1 " _SeZel ¢l "E
encountered with catastrophically failure. Some pre-deformation process, like cold rolling,
leads to a pseudocomposite structure consisting of a softer phase inside pre-induced SBs an
a harder phase in the undeformed regions [45, 4. These microstructural features improve
the macroscopic plasticity by promoting the nucleation of secondary SBs and SB branching
Scel ZeelSelctle =o' —el 1™, " ™MSeSe' " _Je771e 121" —e7
to prevent a major SB development is regulating the volume-interface ratio and density by
ey e F(E—e1 ™S5 EeZ1 — 7>+ S E Z48.1Suched MG Zduld e prodicet vid
E"eelE -™SE*""—1"¢leeSeEtl—S—"™Ss¢'E+Zed1S—1 el

EE >0’ —ele"1e'Z1leZ —'o'"—1"¢1 —S—"eeS0eedl "™7171S-}
eSSl '¢'1S—1'07Se'£7e1—S—"e>72E>Z1E —@ e —el1"
section [48pil1 ™ ™e’ Zel 'e‘le/ —e’'eZlmee>Zeoelez> —e1S1-ZE"'S—-
onic SBs were formed along the interfaces and eventually started to propagate through the
>S’ —1"—e75" 501 —1'Z1 il '—E&Z1e'Z17Z+See’ E1Z—7>+¢1
eS—™eZ31e'Z1e " ESe1Z—7>2¢1>7272Sw@71 Sel—"21le? E ' Z—-
‘Y_"e7—7"7@e¢1" —1E"—e>S0oeele"1le'Z1l @d1 TE'LZi''<eZele
SB, shown inFigure 1071 "—™S>’ —ele'Z10e>S ' —1¢"ESe'£S¢’"—1 ™S,
ESeE®7¢SeZe1SEE >’ —ele”1 ST1O0WUBL1S1-">Z21"-"e72—7"701
“>2°YZ>81 'e'1S8S—18——7Se'—el1e>7Se—7—el1e"1¢‘Z1 0081le‘Z1
S1™S>e’Sel1>ZE"YZ>¢1"¢1"E" S 'Ze>Sel dleZele 1721 —E>.
' (’171Sei1E " —0ee>7ZE*Z1S1-">21>S—e"—1le’@e>’'c2e7Ze1 1c¢
eS¢’ " _1-7e¢'"edlie’—e1e'Z1EScel 7, >1 l1loe*>2E*2>721S=1S:
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Figure 10.1 "ES+1S+"— E1®‘'ZS>1@e>S’ —1le'oe>’<2e’"—@le™1 81— "-"eZ—-7"7c1
16% [48].

(shownin Figure 1171 >ZZ1e™ZE'-Z—ael Z>721eZ+ZE*Z1 '«'1SY.
W[l——1e¢"1"—VYZ@e'eSeZ1eZe¢ 5-Se'"—1-"e71e>S—’'e’"—ijl ‘Z1
See¢le>S—@eZ>>Ze1e> —1e"ESe'£Z2e1®'ZS>1<S—e'—ele"1 ' "~
' EZ®1eZE>Z2S0e’—+81S—ele' 71 —7,5S'—7172Y72Z—1<ZES-7
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Y TeY —el T "1™ e Z e S o 15T ReyfaarichhttHe hiechgnical behavior
el @1 Sel>Ze7eSeZe1cClc e 10 71e>S'—1<"7—eS>¢1e""E"—7Z¢€
e SEZ®1l —e>’—@' ESee¢il ‘Z1-ZE'S— ES+1<Z2'SY"">17«1 1
©'7'>1™S57—e1 d1 'eZle'Z1'—e>’— EleZe 5SS’ " —1¢72'SY’
S—el—"e1S ZE+Z1<C1e'Z1E =™ "¢ "—i

‘S17¢1SeilE —@e>7E*eZ°1S1®eS—+ "E'1S>E" +ZGHZTHelc
Re>ZIEeZe1E " —™ " @'eZ1'Sel1S1 e Zr1lesZ—ee'l1e'S—1™37571
T TMLTY el el ™MeS e’ E'eC]l Sl E T —e>'<ZeZelctle'Z1eeScE
compressive residual stress in the MG layer. They indicated a strong ductile MG could be
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Figure 11.1 E'Z-Se’E 1 e1e'Z1™>"EZceele 1¢Z—7>5¢721S1 149k1@S—™eZ1 *o'1 o’¢

E"—0ee>72E+Z21S01eS— E'1S>E '+ ZE*2>261S5—+1 '«*1S51
E"ZeelcZ1™>"eZEeZele> —1e"ESe'£7Z¢1 il ‘Z¢1leZ>e'Z>1E"™
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prior to a necking-type failure. These works suggest the MG composites constructed by
1S—e1 1¢S——SeZ@1ES—1" Z>1™>"—"@Z1+>1E>2S«" —-1

strength and ductility.

6. Conclusion and outlook

Throughout the review, we enumerated pronounced work on the structure analysis, the con -
nection of structure with the mechanical properties, shear bands initiation and development.
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nected networks, are found to be great contributing factors to the solid-like characteristics of
MG, which means they are closely correlated with mechanical properties and deformation
™MS47>—@l17el il ‘Z1'—e>'—@ Ele¢—S—"Em®l *1le'Z2S5>1<S
mechanics simulations, which provided convincingly supports for the shear banding theories.
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and deformation properties of several designed nanoglass. They behaved ductile deformation
ability and might be a promising derived material from casted MGs.
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researching work of MG. However, limited by accurate potential descriptions, computational
capacity and simulation methods, computational simulations of MG are still unable to build a
E~"—'®eZ—ele' 27572’ ESe1e>S-21 "e'12{™Z>' —-Z2Z—eSel>Z®ZSE
TM 617 Z@Ee'YZ1-72",@ESZ10e'—72Se’"—1-Z+""e®1S—<1S:
methods is the most urgent and challenging work for the research of metallic glasses.
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