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Glass formation

Retentionof liquidphase l ‘ Formation of crystallinephases l

Glass Formation results when
Liquids are cooled to below T, (T,) sufficiently fast to avoid crystallization.
[ Nucleation of crystalline seeds are avoided
Growth of Nuclei into crystallites (crystals) is avoided

Liquid is “frustrated” by internal structure that hinders both events

== “Glass Formation”




2.5.2 Kinetics of Glass Formation

A. Homogeneous Nucleation rate, I (by David Turnbull)

where

exp [— mqﬁ} (2.4)

T,(AT,)’

b is a shape factor (=16m/3 for a spherical nucleus)

k. is a kinetic constant

N(T) is the shear viscosity of the liquid at temperature T
T, is the reduced temperature (T,=T/T))

AT, is the reduced supercooling (AT,=1 - T))
o and P are dimensionless parameters related, respectively, to the liquid/

solid interfacial energy (0) and to the molar entropy of fusion, AS;

Thus,

|

__ 9\ /3
NAV ) O

o =

AH,

where
N, is Avogadro’s number
V' is the molar volume of the crystal

R is the universal gas constant



A. Homogeneous Nucleation rate, I (by David Turnbull)

__n\1/3
I = Kn exp __baB (NAV ) ©
n(T) T, (AT, ) CTAH, =

1) n T (denserandom packed structure) = I |

2) ForgivenTandn, o’ T (o solid interfacial E & AS, T/ AH 1) - I |

3) n~T,(=T,/T) & a3 ~ thermal stability of supercooled liquid
* For metallic melt : af3'/3 ~ 0.5

*if afl/3> 0.9, impossible to crystallization by homogeneous nucleation

under any cooling condition

*if afl/3 < 0.25, difficult to prevent crystallization



B. Growth rate of a crystal from an undercooled liquid, U

_10°F(, . ( AT.AH;
U= . [1 exp{ °T J] (2.7)

where f represents the fraction of sites at the crystal surfaces where atomic
attachment can occur (=1 for close-packed crystals and 0.2 AT, for faceted
crystals). Here also we can see that U decreases as 1 increases, and will thus
contribute to increased glass formability.

1) mn T (denserandom packed structure) = U |

2) ForgivenT,[&U~n—->T, oroa, T GFAT

3) f through atomic rearrangement like local ordering or segregation — U |

* metallic melt: af'/? ~ 0.5/ T, >2/3 ~ high GFA
* Pure metal: R, ~ 101012 K/s, but if T,,=0.5,R. ~ 106 K/s



Based on the treatment of Uhlmann [25], Davies [26] combined the val-
ues of [ and U (calculated using Equations 2.4 and 2.7, respectively) with the
Johnson—-Mehl-Avrami treatment of transformation kinetics, and calculated

the fraction of transtormed phase x in time ¢, for small x, as

1 |
C. X = ?ﬂu}# (2.8)

Substituting the values of  and U in Equation 2.8, the time needed to achieve
a small fraction of crystals from the melt was calculated as

' EKP[ 1.07 ) 1
~ 9.3nax AT;T, 29)
kTf°N, { AHATN| '
l—exp(— ]
L RT —

where
a, is the mean atomic diameter

N, is the average volume concentration of atoms, and all the other param-
eters have the same meaning, as described earlier

A time—temperature—transformation (I-I-T1) curve was then computed by

calculating the time, ¢, as a function of T, to transform to a barely detect-

able fraction of crystal, which was arbitrarily taken to be x = 10,
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Critical Cooling Rates for Various Liquids

Table 3-5. Examples of Critical Cooling Rates (°C/s) for Glass Formation

Heterogeneous nucleation
contact angle (deg)

Homogeneous
Material nucleation 100 60 40
e e ————_————————— ,
SiO, glass’ l 9 x 107°] 107 8x107% 2 x 1071
GeO, glass® T 3x 1073 T 3% 103 1 20
Na,O-2Si0, glass® 6 x 1073 8 x 1073 10 3 x 10*2
Salol 10
Water 107
' 1010
Typical metal® 9 x 108 9 x 10° 101° 5 x 10

“ After P. I. K. Onorato and D. R. Uhlmann, J. Non-Cryst. Sol., 22(2), 367-378 (1976).



TTT Diagram of Pd,,Cu;,Ni,,P,,

Appl. Phys. Lett., Vol. 77, No. 5, 31 July 2000
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2.6 Methods to Synthesize Metallic Glasses

2.6.1 Vapor-state Processes: expensive & slow, electronic & magnetic applications

Thermal Evaporation/ Sputtering/ Vapor Chemical Deposition

Diffusion len gth

Deposition condition (T, dep rate) affects the diffusion length

;’\ JDi = \/D ex*p‘

. 2

Diffusion length determines the crystallinity of thin film

Lifetime of monomer

2.6.2 Liquid-state Processes : Rapid Solidification Process (RSP) 10°° K/s
most ideal way to obtain metallic glasses, especially the bulk foam

Splat Quenching/ Melt-spinning/ Electro Deposition/ Gas Atomization

2.6.3 Solid-state Processes_Solid state diffusional amorphization

Mechanical Alloying & Milling/Hydrogen-induced Amorphization/
Multilayer Amorphization/ Pressure-induced Amorphization/
Amorphization by Irradiation/ Severe Plastic Deformation_Intense
deformation at low temperatures /Accumulative Roll Bonding (ARB process)

10




2.7 Bulk Metallic Glasses (BMGs)

® More commonly, metallic glasses with at least a diameter or section thick-
ness of 1 mm are considered “bulk.” (Nowadays researchers tend to consider
10mm as the minimum diameter or section thickness at which a glass is
designated bulk.)

2.7.1 Characteristics of Bulk Metallic Glasses

¢ The alloy systems have a minimum of three components; more
commonly the number is much larger and that is why they are fre-
quently referred to as multicomponent alloy systems.

e They can be produced at slow solidification rates, typically 10° K s or
less. The lowest solidification rate at which BMGs have been obtained
was reported as 0.067 K s}, that is, 4K min~! [6]]; a really slow solidi-
fication rate indeed!

* BMGs exhibit large section thicknesses or diameters, a minimum of
about 1mm. The largest diameter of a bulk metallic glass rod pro-

duced till date is 72mm in a Pd,;Cu;,Ni (P, alloy [62].

* They exhibit a large supercooled liquid region. The difference
between the glass transition temperature, 1,, and the crystalliza-
tion temperature, 1,, that is, ATX=TX—T3, is large, usually a few
tens of degrees, and the highest reported value so far is 131K in a
Pd,-Ni,Cu,,P,, alloy [17]. 1




When the as-cast
alloy is characterized by XRD techniques, the presence of a broad and diffuse
peak is often taken to be evidence for the presence of a glassy phase. This is
normally true. But, it should be realized that the technique of XRD is not very

sensitive to the presence of a small volume fraction of a crystalline phase

in a glassy phase, especially when the crystals are in nanocrystalline con-

dition. Therefore, even if the XRD pattern shows a broad halo, the material
may contain a small volume fraction of a crystalline phase dispersed in the
glassy matrix. Further, a structure consisting of a glassy phase, or extremely

fine grains, or a nanocrystalline material with a small grain size of about
<10nm, will all produce a broad and diffuse halo. Therefore, it is always

desirable to confirm the lack of crystallinity in the material by conducting
(high-resolution) transmission electron microscopy investigations.

12



2.7.2 The Origins of BMGs

* History of Metallic Glasses

2 First amorphous metal produced by evaporation in 1934.
* j. Kramer, Annalen der Phys. 1934; 19: 37.

2 First amorphous alloy(CoP or NiP alloy)
produced by electro-deposition in 1950.

* A. Brenner, D.E. Couch, E.K. Williams, ]. Res. Nat. Bur. Stand. 1950: 44; 109.

% First metallic glass (Aug,Si,,)
produced by splat quenching at Caltech by Pol Duwez in 1957.

*W. Klement, R.H. Willens, P Duwez, Nature 1960; 187: 869.

% First bulk metallic glass (Pd,, :Cu,Si, )
produced by droplet quenching at Harvard Univ.
by H.S. Chen and D. Turnbull in 1969

*H.S. Chen and D. Turnbull, Acta Metall. 1969; 17: 1021.

produced by water quenching of PATMSi, Pt-Ni-P and Pd-Ni-P system
by H.S. Chen in 1974 ( long glassy roads, 1-3 mm in diameter and several centimeters in length)

*H.S. Chen, Acta Metall. 1974; 22: 1505



» First bulk metallic glass: Pd;; ;Cu,Si g5 (T,;=0.64)

By droplet quenching (CR~800 K/s)

SEM image of a collection of glass spheres

*H.S. Chen and D. Turnbull, Acta Metall. 1969; 17: 1021.

- R

He gasin —j

'

Fused silica ——1—

crucible / nozzle

Tungsten heating — |

coil
Molten Pd-Ni- P |
alloy

Pyrex tube — o

./—HV

One - way —
valve

To vacuum pump

L]
////
Molten droplet ~— \/\

CR~800 K/s




Bulk formation of a metallic glass: Pd(,Ni, P,

® Alloy Selection: Consideration of T, <Schematic diagram of apparatus>

* Pdg,Si;q == T,,=0.6

- Homogeneous nucleation rate: >105/cm3s Volve

—

- Critical cooling rate: > 800 K/s To Vacuum Pump «— ( 5 )

* Pd NiyoPo=mp T,,=0.67 <
T,=590K, T,=880K, T} =985 K Fused Silica Tube —

% Suppression of Heterogeneous nucleation

IS

1. Surface Etching of ingot in a mixture of HCL and H,0, PdgqNigg Py Ingot—

: elimination of surface heterogeneities

2. Thermal cycling -5 cycles

"

7/

: dissolution of nucleating heterogeneities
— reduce the temperature at which nucleation occurred

Thermocouple —

15



Bulk formation of a metallic glass: Pd(,Ni, P,

recalescence

TEMPERATURE (Kelvin)
=
o
ll

PROFILE 8 —

I z 1 1 1 1 1
5000 30 100 150 200 250 300 350

TIME (sec)

FIG. 2. Superposition of two cooling profiles: A—bulk crystallization
which began at 740 K. B—formation of a glassy ingot.

A.J. Drehman, A.L. Greer, D. Turnbull, Appl. Phys. Lett. 1982; 41: 716.
16



Bulk formation of a metallic glass: Pd,Ni,,P5,

e Largest ingot

- minimum dimension 0.6 cm and mass of 2.3 g

- Critical cooling rate: — 1.4 K/sec.

OM image of the cross section of a crystalline
inclusion showing the eutectic structure

*Appl. Phys. Lett. 1982; 41: 716.



Formation of bulk metallic glass by fluxing

»« Heterogeneous nucleation

1. Surface oxide layer

2. Container walls

3. Motes in the liquid

== Suppression

1. Ingot = Chemical etching
by dilute aqua regia (HNO3; + HCI)
2. Interior of the vessel = Cleaning
by hydrofluoric acid
3. Impurities = Successive heating-cooling cycles

In a molten oxide flux
B,O; melting point 723 K, boiling point <40,000 K

After gravity segregation to the oxide-metal interface
most heterophase impurities presumably are dissolved
or deactivated (e.g., by being wet) by the molten oxide

To Vacuum Pump

«— Fused Silica Tube

~——1 — 8203

[~ Sample (Pdg4gqNigo Pog)

p- - —

. —— Thermocouple Tube

ﬂ-»— Thermocouple
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Schematic process of fluxing

Master al

\

B,0; melting point 723 K, boiling point <40,000 K



ormation of centimeter-sized BMG by fluxin




{ BMG formation }

I—I—I

[ Alloy design optimization } [ Process optimization 1

/', )

Consideration of thermodynamic,
kinetic and structural aspects for
glass formation

2. Empirical rules by trial and error
3. Minor additions

\4. Computer simulation

/

/1. Chemical etching of ingot & vessD
2. Alloying at high temperature
3. Successive heating-cooling cycles
in a molten oxide flux

4, Addition of oxygen scavenger

\5. Process with high coolability

/

~—

Suppression of nucleation and growth of crystalline phase

mm) High BMG Manufacturability




Formation of centimeter-sized BMG by fluxing

After

Y.He, et al AppL"Phys. Lett. 1996; 69: 1861.




Starting in the late 1980s, the RSP group at Tohoku University in Sendai,
Japan, has systematically investigated the glass-forming ability (GFA) of dif-
ferent alloy systems and was able to produce bulk glassy alloys in some of
the systems at solidification rates of 10° K s or lower. A brief account of the
development of BMGs at Tohoku University is described below.

Al-La—-Ni [67] and Mg—Ni-La [68] glassy alloys were produc,ed in a wide
composition range  ——  The AT, values reported were 69K for the
LazsAl;Niy, ¢ olass and 58K for the Mgs,Niyla,, glass. These AT, values are
much larger than those reported for the noble-metal-based glasses, Pd-Ni-P
and Pt,Ni;;P,; (35-40K) reported earlier.

Figure 2.6

X-ray diffraction patterns of La55A125Ni20
glassy samples in the water-quenched rod
(0.8 mm dia. = D,,, = 1.2 mm) and melt-
spun ribbon (20um) conditions. Note that
in both the cases, the diffraction pattern
shows only a broad peak and sharp peaks
indicative of any crystalline phase are

absent. Furthermore, the position of the Melt-spun
broad peak is the same in both the samples, )

suggesting that the glassy phase produced . . . . .

Intensity (arb. units)

in same in both the cases. 20 30 40 50 60 70
* Inoue A, et al., Mater. Trans. JIM, 30, 722, 1989. 20 ()



These observations have subsequently been confirmed in a number of other
alloy systems and by several researchers. Subsequent to this initial discov-
ery, Peker and Johnson [70] produced a 14 mm diameter fully glassy rod in
the composition Zry;,1135Cu;,5Nij0Bey s (most commonly referred to as

Vitreloy 1 or Vit 1, and now redesignated as liquid metal or . M-001), and
since then there has been an explosion in the research activity in this area all
over the world.

A highly processable metallic glass: Zr,q ,Ti13gCU425Nig0B€2s 5

A. Peker and W. L. Johnson
W. M. Keck Laboratory of Engineering Materials, California Institute of Technology, Pasadena,

California 91125

We report on the properties of one example of a new family of metallic alloys which exhibit
excellent glass forming ability. The critical cooling rate to retain the glassy phase is of the order
of 10 K/s or less. Large samples in the form of rods ranging up to 14 mm in diameter have been
prepared by casting in silica containers. * Appl. Phys. Lett. 63: 2342-2344.

Starting with the initial discovery of the formation of BMGs in the La—Al-
Ni system, the Tohoku group has produced a very large number of BMGs in
different alloy systems based on Mg, Zr, Ti, Pd, Fe, Co, Ni, and Cu. They have
been able to produce several new alloys in the BMG state and also increase
the critical (or maximum) diameter of the BMG alloy rods during the last
nearly 20 years. |




Max. Diameter (mm)

30

Ia
=2

Recent BMGs with critical size = 10 mm

Zr,,TigCugNi,  Be,, Johnson (Caltech)
— Vitreloy

Pd,,Cu;oNi; Py Inove (Tohoku Univ.)
Fe,sCr,sMo,,Y,C,;B, Poon (Virginia Univ.)
— > Amorphous steel

Ca,sMg,sZn,, 15mm  Kim (Yonsei Univ.)
Ca,,Mg,sNi,, 13mm
Mg,;Cu,,Ag;Gd,, 11mm
Mg,;Cu, ;Ni, . Zn;Ag;Gd;Y; 14mm




Bulk glass formation in the Pd-/Ni-/Cu-/Zr-element system

Massy Ingot Shape
(a) Pd-Cu-Ni-P (b) Zr-Al-Ni-Cu (c) Cu-Zr-Al-Ag (d) Ni-Pd-P-B

Cylindrical Rods Hollow Pipes
(e) Pd-Cu-Ni-P (f) Pt-Pd-Cu-P (g) Pd-Cu-Ni-P
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Base metal

Recent BMGs with critical size = 10 mm

10 20 30 40 50 a0 70 a0

‘2010 )

1997 2012 )

o
=9

Ni 2009 EI|

o S 1
e I -
Ry

oo I -

Ce 2006 G
Ca 2004 B
Au BIiEER 5

Maximum diameter (mm)



Glass formation

Retention of liquid phase Formation of crystalline phases

-

Thermodynamical point
Small change in free E. (lig.—» cryst.)

-
Empirical rules

(1) multi-component alloy system (2) significant difference in atomic size ratios

Kinetic point
Low nucleation and growth rates

Structural point
Highly packed random structure

(3) negative heats of mixing (4) close to a eutectic composition

(5) compositions far from a Laves phase region

e

» Higher degree of dense random packed structure

» Suppression of nucleation and growth of crystalline phase

mm) High glass-forming ability (GFA)
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3. Glass-Forming Ability of Alloys
® Many glasses were produced more or less by trial and error.
— The ability of a metallic alloy to transform into the glassy state is
defined in this chapter as the glass-forming ability (GFA).

3.2 Critical Cooling Rate
If an alloy melt is solidified from a temperature above the liquidus tem-

perature, T; to below the glass transition temperature, T,, then the volume
fraction of the solid crystalline phase, X formed under non-isothermal crys-
tallization conditions can be given by the equation [8,9]

T, T, 3

g g
I I(T") IU(T”)dT” AT’ 3.1)
Ti T

4rn

X=3g8

where [ and U are the steady-state nucleation frequency and crystal growth rate,

-
]

Ty Ty
X=10-° H Rs :%J‘I(T’) jU(T”)dT” dT’ (3.2)
Ti ™

Since the equations for [ and U contain terms like viscosity of the supercooled
liquid, 1, entropy of fusion, AS;, etc., the critical cooling rate, R. decreases

with increasing n, AS;, and decreasing liquidus temperature, T,. The best way

to experimentally determine R_ is by constructing the time-temperature—

transformation (I=I-T) diagrams.




3.2.1 T-T-T Diagrams: isothermal processes

Liquid the liquid alloy should be cooled at a rate faster than R_
Z and to a temperature below T,.
Tr_' - & - FdEEFErfApsssdirEsFrEeasdEEE i T EsEE ST SEEEE R TR EE SRS TS
4] PRl My PR
- T, -1,
E : 1 RC = £ n
o Tn Lithu : i-l'l
:’ "
= - Crystal
2
E Tg ........................... e T e T
=¥
= | 2
Glass
R.Y :
t, t

FIGURE 3.1

Schematic time—temperature-transformation (T-T-T) diagram for a hypothetical alloy system.
When the liquid alloy is cooled from above the liquidus temperature T,, at a rate indicated by
curve “1,” solidification starts at a temperature T, and time t,. The resultant product is a crystal-
line solid. However, if the same liquid alloy is now cooled, again from T,, at a rate faster than the
rate indicated by curve “2,” the liquid will continue to be in the undercooled state, and when
cooled below the glass transition temperature T,, the liquid is “frozen-in" and a glassy phase is
tormed. The cooling rate represented by curve “2" is referred to as the critical coolin o rate, K.




R.vs D, in Ti-Zr-Cu-Ni alloy system

J. Appl. Phys. 78, 1 December 1995

Total cooling time t ~(R?/x)

sample dimension (dia. or thickness) : R
initial temperature: T,,
thermal diffusivity : k

k=K/C

thermal conductivity : K
heat capacity per unit volume: C

- dT (T,—T,) K(T,—T,)
dr r  CR*

Maximun thmkness of glass phase (mm)

02 03 04 05 06 0.7
Tg/Tm

FIG. 1. Critical cooling rates for glass formation and corresponding maxi-

mum thickness of glass phase. Key to the alloys: (1) Ni; (2) Feq;Bg; (3)

FegB);; (4) Te; (5) Auy;gGe;8igy; (6) FegsByg; (7) Fey) Nig sBig; (8) ]
COTSSiISBlD‘; (9) Ge; (10} PG;gsilnBl]; (11) NiquigB 175 (].2) Pﬂsgpl:;C'}; {13)
PtgglNijsPys; (14) PdgySiyg; (15) NigyNbyg; (16) PdyysCugSijgs; (17)
PdyNigPy, (above from Ref. 3); (18) AugsPhyysSbys (Ref. 6); (19) 00000 mmmm e e e e e
LagAl,sNijgCuye  (Ref.  7);  (20) MgesCuysYyy (Ref.  8);  (21)

Zl'ﬁsCl.ln_sNimM‘;j (Rﬂf- 9), (22) Zr4ll2ﬁ|3_gculuNinGm.5 (Refs. 4 and 5), 32

(23) TigyZir;,CuyyNig.

For Ti-Zr-Cu-Ni system,
T, T, ~400K  K~0.1W/cms'K!  C~4]/cm’K!

::-3:
A
I
-
S
>

s
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3.2.2. Effect of Alloying Elements

Slow
cooling

e

ssalsssagdasssan = = zs b=z

Temperature (K)

107 1074 102 100 10% 10*

Time (s) ———

FIGURE 3.2

Position of the T-T-T curves with the addition of a large number of alloying elements. The
C-curve shifts to the right with increasing number of alloying elements and consequently, the
elassy phase can be synthesized at slow solidification rates. The left-most C-curve represents
a typical situation of an alloy system where a glassy phase is obtained by rapid solidification
processing (RSP) from the liquid state. The middle C-curve represents an alloy composition
where a glassy phase can be obtained by slow cooling. The right-most C-curve represents a
situation when an alloy can be very easily produced in a glassy state.
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C
> 101012 K /s

pure metals

T, = TIT,

1046 K/s 102K/s 1.3x1020r0.067 K/s 10°>to10*K/s

binary typically Pd,, -Cug, :Ni; Py ,
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FIGURE 2.3

Time-temperature—transformation (T-T-T) curves (solid lines) and the corresponding contin-

uous cooling transformation curves (dashed lines) for the formation of a small volume fraction
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3.2.3 Measurement of R,

The measurement of R. is an involved and time-consuming process. One
has to take a liquid alloy of a chosen composition and allow it to solidify

at different cooling rates and determine the nature and amount of phases
formed after solidification.

Measurement of R in Ca,cMg,-Zn,, (D
1000 [

900

800

Temperature (K)
\]
o
o

CaGSMg 1SZn 20

casting in air aImosphere)__

(c)d=15mm 1
T
(b)d =10 mm
........... (a)d= 6mm B
T

10 15 20

25

time (sec)
* COOlll’lg CUrves measured at the center of the three transverse cross sections

30 35 40 45

>15 mm)

max

top position : 20 K/s
middle position : 93 K/s

bottom position : 149 K/s

*]. Mater. Res. 19, 685 (2004)
* Mater. Sci. Forum 475-479, 3415 (2005)



3.2.3 Measurement of R,

Measurement of R.in Mg BMG (D, ,,=14 mm)
1OOO||||||||
[ Mg,,Cu, NI, .Zn.Ag,Y,Gd,
900 (Cu mold casting in air atmosphere) 7
< I .
@ 80 ]
2_ T "
® 700 ~ o (¢Jd=15mm 4 top position : recalescence
o >
S | 1
E 600 ) d=10mm - middle position : 64K/s
500 (@)d=6mm T, bottom position : 137 K/s

5 10 15 20 25 30 35 40 45
time (sec)

* COOlil’lg CUrves measured at the center of the three transverse cross sections

*JAP 104, 023520 (2008)



TABLE 3.1 Alloy Composition R (K s™) Reference

i . i — GoreSins e [24]

Some Representative Critical Cooling Rates (R ) for é"*;:p‘hf* * ;; [;]
) . . Ay VIE 5N 5

Formation of Glassy Phases in Different Alloy Systems Ca.Mg,Zn,, 20 [26]

Cug,Z1s, 250 [27]

. CuyZrAly <40 [27]

1) Effect of B,0; fluxing CupZigAgAl, " 28]

Pd,;,CusyNi P, 1.58K s without fluxing [22] Fe31Cr1eM01C10B5P1g 1o [29]

Fe, .Ni, P, B, (Metglas 2826) 44x107 [30]

0.1K s with fluxing [18] HFf,,Pd,Ni,, 124 [31]

La,-AlL.Cu,, 58 [32]

Laz:Al-Niy, 69 [32]

Mge:CusGdyg 1 [16]

2) Effect of # of components Mg Cus Y., 100 [33]

Mg, .Cu,-Ag.Pd.Gd,, 0.7 [34]

Pd828118 1.8 x 103K 5_1 “ 550 K S_l Pd78Cu68i16 Mg,sCut; sNi; ;Ag:ZnGd,Y; 20 [35]

Nd,Co, Al 4 [36]

NigPd, 5Py 105 [38]

PdCu,5Siy, 550 [39]

Pd Ni, P, 128 [22]

3) Nature of alloying addition Pd., sCusNi; Py 0.067 [18]

Pd,,,Ct1,-Ni Py, 0.150 [18]

Pd 4 CuyNi Py (without fluxing) 1.58 [22]

MgesCups Yo MgesCupsGdy M865CU15A85Pd5Gd10 Pd 4,CuisNi Pap (with flux treatment) 0.1 [18]

- — - »:Clip sP5 . 9

].OOK S 1 “ ]_K S 1 “ 07K S 1 Pdejflf.scuL_:P_n 0.067 ) [19]

Pd,Si, 1.8x10° [40]

Pd,Siy 800 [41]

Pd,,Si,, (with flux treatment) 6 [42]

Zre AL Ny Cliys 15 [43]

2145 i3 5C 05 sNig oBegs 5 14 [44]

214625 Tig 25C17 5Ny gBeos 5 28 [44]

Zr_Cu,; ,Ni,, Al /Nb. 10 [45]




Glass formation
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Low nucleation and growth rates
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Highly packed random structure

(3) negative heats of mixing (4) close to a eutectic composition

(5) compositions far from a Laves phase region

e

» Higher degree of dense random packed structure

» Suppression of nucleation and growth of crystalline phase

mm) High glass-forming ability (GFA)



3.3 Reduced Class Transition Temperature (Kinetic aspect for glass formation)

I, parameter =T,/T ~n:thehigher T, the higher n, the lower R,

: ability to avoid crystallization during cooling
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® Based on the nucleation theory,
Turnbull suggested that at T,,22/3,
homogeneous nucleation of the
crystalline phase is completely
suppressed. Most typically, a
minimum value of T,,~0.4 has been
found to be necessary for the glass
to form.

e One should note the T}, liquidus
temperature as the point at the end
of the liquid formation, and not at
the beginning of melting.

TABLE 3.2

Reduced Glass Transition Temperatures (1)

for Different Glass-Forming Alloys

Alloy Composition . References
CagsAls 0.59 [47]
Ca.-Mg,,Cu,, 0.60 [48]
Ca.-Mg,,Cu,, 0.64 [48]
Cu,Hf,. 0.62 [49]
CuyHf, Al 0.62 [50]
Cug, 21y, 0.54 [51]
LassAlsNiyg 0.71 [32]
La,, Al -(Cu,Ni), 5 0.58 [52]

La., Al -(Cu,Ni)y, 0.47 [52]
Ni,Nb., 0.60 [37]
Nig, Nb..Zr, 0.49 [53]
Pd,Nig Py 0.67 [54]
Pd,CuyNi  Pop 0.67 [18,55]
Zry, 5 Tiy5C0,; sNiyBey, 5 0.624 [45]

21 4535 Tig T 75N g Beog 55 0.50 [44]




® The concept of T, was introduced for kinetic reasons with the need to
avoid crystallization [46]. It is known (and we will discuss this in some detail
in Section 3.4) that 1, is a very weak function of the solute content, i.e, 1,
varies much more slowlv with solute concentration than the liquidus tem—

perature, 1. Consequently, the value of T,, increases with increasing solute

content, up to the eutectic composition, and therefore it becomes easier to
avoid crystallization of the melt at the eutectic composition [13]. This reason-

ing seems to work well in simple binary alloy systems. But, in the case of
multicomponent alloy systems such as the BMG compositions, the values of
I, and T, vary significantly. Since the variation of viscosity with temperature
is different for different alloy systems (and depends on whether a glass is
strong or fragile), T, alone may not provide information about the variation
of viscosity with temperature and therefore, the ., criterion may not be valid
in some systems.

Easy glass formation at compositions corresponding to high T, can be
easily realized in alloy systems that feature deep eutectic reactions in their
phase diagrams, and this is further explained in Section 3.4.




3.4 Deep Eutectics (Thermodynamic aspect for glass formation)

®© High GFA : low free energy AG (T)

for transformation of liquid to crystalline phase

AG(T)=AH; -TAS;| AGJ - AH.§ & AS, ®

Enthalpy of fusion Entropy of fusion

AS . "‘ . proportional to the number of microscopic states
Entropy of fusion Multi-component alloy systems containing more than 3 elements

causes an increase in the degree of dense random packing

AH f 1 Large negative enthalpy of mixing among constituent elements
Enthalpy of fusion

* The free energy at a constant temperature also decreases in the cases of low
chemical potential caused by low enthalpy and high reduced glass transition

temperature (=T/T,) and high interface energy between liquid and solid phase.



3.4 Deep Eutectics (Thermodynamic aspect for glass formation)

AH ; J — deep eutectic condition: increase stability of stable liquid (= T,/T\T
- decreasing melting point  —>less supercooled at T, — AG = Glig-Geryst l
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FIGURE 3.3

Schematic variation of the glass transition temperature, T,, liquidus temperature, T, the
reduced glass transition temperature, T,,, in two different types of eutectic systems—deep
eutectic and shallow eutectic.



Ribbons of about 20-50um in thickness were produced by melt-spinning
techniques in a number of binary alloy systems near eutectic compositions
and they were confirmed to be glassy. Some of the most investigated eutectic
compositions are found in Fe-B, Pd-5i, Cu-Zr, Ni-Nb, Ni-Tj, etc., alloy sys-
tems [1,2]. There have been some reports in recent years of “bulk” (?) metallic
glass synthesis in binary alloy systems such as Ca—Al [59], Cu—Hf [49], Cu—Zr
[51], Ni-Nb [37], and Pd-5i [42]. But, the maximum diameters of these binary

alloy glassy rods were only 1 or 2mm, and even then, some of these alloy
glasses contained nanocrystalline particles embedded in the glassy matrix
[60]. This point will be further discussed in detail in later chapters. But, the
important point here is that the “bulk” glassy phase is produced not at the

eutectic composition, but, at off-eutectic compositions. Further, the highest

GFA, i.e., the composition at which glass formation was the easiest or the
maximum diameter of the BMG rod could be obtained, was located away
from the eutectic composition. The best glass-forming compositions have
been reported to be at 35 at.% Hf in Cu-Hf, 36 at% Zr in Cu-Zr, 38 at% Nb in
Ni-Nb, and 19 at% 5i in Pd-5i alloy systems. But, the eutectic compositions
in these alloy systems are at 33.0 and 38.6 at.% Hf in Cu-Hf, 38.2 at% Zr in
Cu—Zr, 40.5 at.% Nb in Ni-Nb, and 17.2 at.% Si in Pd-5i systems [61]. Similarly,
it was reported that while a nearly fully glassy rod with 12mm diameter
could be obtained at an off-eutectic composition near LagAlcA(Cu,Ni)y; 4,

only a 1L.5mm diameter rod could be obtained in a fully glassy condition for

the eutectic alloy of La, Al,,(Cu,Ni),, [52].




Appl. Phys. Lett., Vol. 84, No. 20, 17 May 2004
Appl. Phys. Lett. 86, 191906 (2005)

Strategy for pinpointing the best glass-forming alloys

< Symmetric Eutectic> < Non-symmetric Eutectic>

» Glass region is located between composites with different 2" phases.

m=) Useful to find the composition with maximum GFA



Composites & Glass forming composition
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3.5 Topological Model (Structural aspect for glass formation)

Metallic glasses produced by RSP methods in the form of thin ribbons
have been traditionally classified into two groups, viz., metal-metalloid and

metal-metal types. Structural models of the metal-metalloid-type metallic

glasses have identified that the best composition to form a glass is one that
contains about 80 at% of the metal component and 20 at% of the metalloid
component. The actual g]ass composition ranges observed are 75-85 at% of

the metal and 15-25 at.% of the metalloid. As stated in Chapter 2, the 80 at.%

of the metal can be either a single transition metal or a combination of transi-
tion metals or one or a combination of noble metals. Similarly, the 20 at.% of
the metalloid content could be made up of just one component or a mixture of
a number of components. In the case of metal-metal types, however, there is
no such restriction on compositions. Metal-metal-type metallic glasses have
been observed to tform over a wide range of compositions, starting from as
low as 9 at.% of solute. Some typical compositions in which metal-metal type
glasses have been obtained are Cujs 75241975 75, Fego o119 1, Mggg 754155 55,

Nb::lr,:, and Nig 7214, 4, [65].




* Metallic glass : Randomly dense packed structure

1) Atomic size difference: TM - metalloid (M, ex) Boron)

— M s located at interior of the tetrahedron of four metal atoms (TM,M)

— denser ™) by increasing resistivity of crystallization, GFA I

— Ex) Fe-B: tetrahedron with B on the center position
1) interstitial site, B= simple atomic topology
2) skeleton structure

3) bonding nature: close to covalent bonding

[rrespective of the actual size of the voids and whether the above model
is valid or not, it is of interest to note that the metal-metalloid-type binary

phase diagramS exhibit deep eutectics at around a composition of 15-25 at%

metalloid. Some typical examples are Fe-B (17 at.% B), Au-5i (18.6 at.% 5i),
and Pd-5i (17.2 at.% Si). Therefore, the concepts of deep eutectics and struc-
tural models also seem to converge in obtaining glasses in the (transition
or noble) metal-metalloid types.




3.5.2. Egami and Waseda Criterion

One of the possible ways by which a crystalline metallic material can become
glassy is by the introduction of lattice strain. The lattice strain introduced
disturbs the crystal lattice and once a critical strain is exceeded, the crystal

becomes destabilized and becomes glassy. In fact, Egami takes pains to state

that “In general, alloying makes glass formation easier, not because alloying
stabilizes a glass, but because it destabilizes a crystal” [72, p. 576]. Using the
atomic scale elasticity theory, Egami and Waseda [73] calculated the atomic

level stresses in the solid solution (the solute atoms are assumed to occupy
the substitutional lattice sites in the solid solution) and the glassy phase.

They observed that in a glass, neither the local stress fluctuations nor the

total strain enercy vary much with solute concentration, when normalized

with respect to the elastic moduli. But, in a solid solution, the strain energy

was observed to increase continuously and linearly with solute content.

Thus, beyond a critical solute concentration, the glassy alloy becomes ener-

getically more favorable than the corresponding crystalline lattice. From the
vast literature available on the formation of binary metallic glasses obtained
by RSP methods, the authors noted that a minimum solute concentration was
necessary in a binary alloy system to obtain the stable glassy phase by RSP
methods. 7




2) min. solute content, C;*: empirical rule By Egami & Waseda: in A-B binary system
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3.5.3. Nagel and Tauc Criterion

Nagel and Tauc [74,75] proposed that a glass is most likely to form if its elec-
tronic energy lies in a local metastable minimum with respect to composi-
tion change. They showed that if the structure factor corresponding to the
first strong peak of the diffuse scattering curve, K, satisfies the relationship
K, =2 kg, where kg is the wave vector at the Fermi energy, then the electronic
energy does indeed occupy a local minimum.

a0}

a(K) #

Fig. 11. a(K) versus K for lower and higher temperatures The CondUCtion eleCtronS are Suppose to

. : " form a degenerate free-electron gas with a
i Kp s spherical Fermi surface.
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a(K) Fourier transform of the pair correlation function g(r)

Kp Nearest neighbor distance of the liquid metal in K-space : Diameter of Fermi surface



3.6 Bulk Metallic Glasses

Since 1989, intense research has been carried out in synthesizing and char-

acterizing BMGs with a section thickness or diameter of a few millimeters
to a few centimeters.

First, phase diagrams are not available for the multicomponent alloy systems.

Therefore, we do not know where the eutectic compositions lie, and much
less about deep eutectics.

Additionally, because the number of components is really large, determining the mini-
mum solute content will be a formidable problem since the contribution of each compo-
nent to the volumetric strain is going to be different depending on their atomic sizes.

Therefore, newer criteria have been proposed to explain glass formatmn in
BMGs in view of the large number of components present.



3.7 Inoue Criteria - Empirical Rules

1. The allmy must contain at least three components. The formation of
glass becomes easier with increasing number of components in the
alloy system.

a) Thermodynamic point of view

Since the value of AS; can be significantly increased by increasing the num-
ber of components in the alloy, it has been relatively easy to produce BMGs in
multicomponent alloys. Since an increase in AS; also leads to an increase in
the degree of the dense random packing of atoms, this results in a decrease
in AH; and also an increase in the solid-liquid interfacial energy, c. Both
these factors contribute to a decrease in the free energy of the system.

b) Kinetic point of view Since the equation for

homogeneous nucleation rate for the formation of crystalline nuclei from a
supercooled melt (Equation 2.4) contains 1, ¢, and 3, control of these parame-
ters can lead to a reduction in the nucleation rate. For example, a reduction in
AH;, and an increase in ¢ and/or AS; can be achieved by an increase in oo and
B values. This, in turn, will decrease the nucleation rate and consequently
promote glass formation. An increase in the viscosity of the melt will also
lead to a reduction in both nucleation and growth rates.



3.7 Inoue Criteria - Empirical Rules
2. A significant atomic size difference should exist among the constit-
uent elements in the alloy. It is suggested that the atomic size dif-
ferences should be above about 12% among the main constituent

elements.
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Atomic diameters of the elements that constitute bulk metallic glasses. These can be classified
into three major groups of large, medium, and small sizes.
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3.7 Inoue Criteria - Empirical Rules

3. There should be negative heat of mixing among the (major) constitu-
ent elements in the alloy system.

The combination of the significant differences in atomic sizes between the
constituent elements and the negative heat of mixing is expected to result in
efficient packing of clusters (see Section 3.12.2) and consequently increase
the density of random packing of atoms in the supercooled liquid state. This,
in turn, leads to increased liquid-solid interfacial energy, 6 and decreased
atomic diffusivity, both contributing to enhanced glass formation.

Table 3.3

Nearest Neighbor Distances (r) and Coordination Numbers (N) of the

Different Atomic Pairs in a Glassy Zr Al ;Ni,; Alloy Both in the
As-Quenched and Crystallized States

Condition ry (nm) Ny r, (nm) o —— Ny a
As-quenched (a) 0.267+0.002 23«02 0317+0.002 103+07 |-0.1+09
(b)Y 0.267+0.002 21+0.2 — — _
(c) 0.269+0.002 2.3+02 — — _
Crystallized (a) 0.268+0.002 3.0£02 0322+0.002 82x0.7 0.8+09
(b) 0.267+0.002 3.0+0.2 — — —
(c) 0.273+0.002 2.3+02 — — —

Source: Matsubara, E. et al., Mater. Trans. [IM, 33, 873, 1992. With permission.

Notes: Data from (a) ordinary radial distribution function (RDF), (b) conventional RDFs

for Zr, and (c) conventional RDFs for Ni. “—" means that no values were given
in the original publication.

Significant change in the
coordination # of Zr-Al atomic
pairs on crystallization

— This suggests that there is
necessity for long-range
diffusion of Al atoms around

Zr atoms during crystallization,
which is difficult to achieve
due to the presence of dense
randomly packed clusters.



The presence of dense randomly packed atomic configurations in the glassy
state of BMGs can also be inferred from the small changes in the relative
densities of the fully glassy and the corresponding fully crystalline alloys
(see Table 6.1). It is noted that the densities of the glassy alloys are lower than
those in the crystallized state. The difference between the fully glassy and
fully crystalline alloys is typically about 0.5%, but is occasionally as high as
1% (see, for example, Ref. [81]). Further, the density difference between the
structurally relaxed and fully glassy states is about 0.11%-0.15%. Thus, the
small density differences between the glassy and crystallized conditions sug-
gest that the glassy alloys contain dense randomly packed clusters in them.



Glass formation
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e

» Higher degree of dense random packed structure

» Suppression of nucleation and growth of crystalline phase

mm) High glass-forming ability (GFA)



Alloy design and new BMG development

Ca-Mg-Zn alloy system

® Dense packed structure

Heat of mixing
[kd/mol]

- Large difference in atomic size
-Large negative heat of mixing

® Decrease of melting temp.

Ca 10 20 30
T Ca=1112 K 'Coelna

40 50

Deep eutectic condition
T/ T,°%=0.560




Ca-Mg-Zn alloy system

Mg CagsMg,5Zn,
15 mm in diameter sample

&a / /\/\/\ using Cu mold casting method

in air atmosphere
(self-fluxing effect by Ca)

/\ /\ /\ /\ /\
10 20 30 40 ___, 4n

Maximum diameter for glass formation in Ca-rich Ca-Mg-Zn alloy system

© over 10mm O over 7mm over3amm @ overImm @& below 1mm

*J. Mater. Res. 19, 685 (2004)
* Mater. Sci. Forum 475-479, 3415 (2005)



3.8 Exceptions to the Above Criteria

3.8.1 Less Than Three Components in an Alloy System - Binary BMGs

One of the apparent exceptions to this empirical rule appears to be that
BMGs have been produced in binary alloy systems such as Ca-Al [5Y],

Cu-Hf [49], Cu—Zr [51], Ni-Nb [37], and Pd-Si [42].

Two important points:

1) The maximum diameter of the glassy rods obtained in these binary alloys
is relatively small, i.e. a maximum of only about 2 mm.

2) The “glassy” rods of the binary BMG alloys often seem to contain some
nanocrystalline phases. (?)

Even though glassy (BMG) alloys of 1 or 2 mm diameter are produced in binary
alloy compositions., their GFA improves dramatically with the addition of a
third component. This observation again proves that a minimum of three compo-

nents is required to produce a BMG alloy with a reasonably large diameter.

Hattori et al. [90] had conducted very careful high-pressure experiments
on elemental Zr and Ti using a newly developed in situ angle-dispersive
XRD using a two-dimensional detector and x-ray transparent anvils. These
authors noted that despite the disappearance of all the Bragg peaks in the
one-dimensional energy-dispersive data, two-dimensional angle-dispersive
data showed several intense Bragg spots even at the conditions where amor-
phization was reported in these two metals. This investigation clearly con-
firms that pure metals cannot be amorphized



3.8.2 Negative Heat of Mixing

Phase separation is generally expected to occur in alloy systems containing
elements that exhibit a positive heat of mixing. This is indicated by the presence
of a miscibility gap in the corresponding phase diagram. Therefore, if phase
separation has occurred, one immediately concludes that the constituent
elements have a positive heat of mixing

It has been suggested that it is theoretically possible to observe phase separa-
tion in alloy systems containing three or more elements, even though the heat
of mixing is negative between any two elements in the alloy system. According
to Meijering [94,95], a ternary alloy phase, consisting of components A, B, and
C, can decompose into two phases with different compositions even when the
enthalpy of mixing between any two components is negative. This is possible
when the enthalpy of mixing, AH for one of the three possible binary alloy
systems is significantly more negative than the others. For example, it is pos-
sible that in a ternary alloy system A-B-C, AH,_5 is much more negative than
AHp ~~AH,_. This argument suggests that a miscibility gap could be present
in a ternary (or higher-order) BMG alloy system even when all the constituent
elements have a negative enthalpy of mixing. In other words, phase separation
is possible even in an alloy with a reasonably good GFA.



3.9 New Criteria: to develop better and more precise criteria to predict the GFA of alloy systems

All the new criteria that have been proposed in recent years to explain the
high GFA of BMGs can be broadly grouped into the following categories:

1. Transformation temperatures of glasses. In this group, the GFA is
explained on the basis of the characteristic transformation tempera-
tures of the glasses such as T,, T, and T,, and the different combina-
tions of these three parameters.

2. Thermodynamic modeling. Thermodynamic parameters such as heat
of mixing are used in this group to predict the glass formation and
evaluate GFA in a given alloy system.

S

Structural and topological parameters. In this group, consideration is
given to the atomic sizes of the constituent elements, their electro-
negativity, electron-to-atom ratio, heat of mixing, etc. Majority of the
work in this area has been due to Egami [107] and Miracle [108,109].
4. Physical properties of alloys. This group considers the physical prop-
erties of materials such as the viscosity of the melt, heat capacity,
activation energies for glass formation and crystallization, bulk
modulus, etc.

a1

Computational approaches. These methods help in predicting the GFA
of alloys from basic thermodynamic data [110,111], and without the
necessity of actually conducting any experiments to synthesize the
glass and determine the GFA.



3.10 Transformation Temperatures of Glasses
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Representative GFA Parameters

Based on thermal analysis (T, T,and T)): thermodynamic and kinetic aspects
Trg = Tg/T| D. Turnbull et al., Contemp. Phys., 10, 473 (1969)
K=(Ty-Ty) /(T -Ty) A. Hruby et al., Czech.J.Phys., B22, 1187 (1972)

AT* = (T, ™x-T)) /T, mix

AT, =T,-T,

Y= Tx/(TI+Tg)

I. W. Donald et al., J. Non-Cryst. Solids, 30, 77 (1978)
A. Inoue et al., J. Non-Cryst. Solids, 156-158, 473 (1993)

Z.P.Lu and C. T. Liu, Acta Materialia, 50, 3501 (2002)

Based on thermodynamic and atomic configuration aspects

oO=AT* X P’ E. S. Park et al., Appl. Phys. Lett. , 86, 061907 (2005)

AT* : Relative decrease of melting temperature + P’ : atomic size mismatch

. can be calculated simply using data on melting temp. and atomic size



GFA Parameters on the basis of thermodynamic or kinetic aspects :
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of the i th component of an n-component alloy.)

- evaluation of the stability of the liquid at equilibrium state
- alloy system with deep eutectic condition ~ good GFA

- for multi-component BMG systems: insufficient correlation with GFA

mmmp T _MiXrepresents the fractional departure of T with variation of compositions
and systems from the simple rule of mixtures melting temperature
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From the above discussion, it is clear that the description of the GFA of
alloys using the AT, parameter as a criterion has not been found universally
applicable in all situations and for all alloy systems. Some exceptions have
been certainly noted. But, it should, however, be emphasized in this context
that this was one of the most successful parameters in the early years of
research on BMGs.

5' T I T T I I
o
4 — -
o : .
sl ol R, =020 IH= If& . regression coefficient
The R? vale can range from
25 1 0to1and is an indicator of
o L | the reliability of the
z correlation. The higher R?
- .
ok 1 value, the more reliable the
regression is.
-1+ A
. o _
_3 | | 1 1 | 1

0 20 40 60 80 100 120 140
AT

X

FIGURE 3.5

Variation of the critical cooling rate, R_ with the width of the supercooled liquid region, AT, for
a number of multicomponent bulk metallic glasses. Data for some of the binary and ternary
metallic glasses reported earlier are also included for comparison.



GFA Parameters on the basis of thermodynamic or kinetic aspects :
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GFA Parameters on the basis of thermodynamic or kinetic aspects :
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GFA Parameters on the basis of thermodynamic or kinetic aspects :

10°
4) T,, parameter = T /T, e
- kinetic approach to avoid crystallization before glass formation :g:

- Viscosity at T, being constant, the higher the ratio T /T, "0 10°} i
: : . : X 402
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I, parameter = T,/T, ~ 1 :the higher T, the higher n, the lower R,

: ability to avoid crystallization during cooling

30 I | I [
TrgNi < TrgAu4Si < TrgSiOZ
20
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|

Rni = Rauasi > Rgioo

Crystal nucleation rate
Log I (cm3s1)
5 ©

]
I

.30 | | | |
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) T.=T/Tiquidus Turnbull, 1959 ff.
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C aspects :

GFA Parameters on the basis of thermodynamic or Kineti
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- T, land T, 1 > lower nucleation and growth rate » GFA 1 102
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FIGURE 3.8
Schematic to illustrate the different factors involved in deriving the y parameter to explain

the GFA of alloys. (Reprinted from Lu, Z.F. and Liu, CT., Intermetallics, 12, 1035, 2004. With
permission.)
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FIG. 2 (color online). Schematic TTT curves showing the
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critical cooling rate "R, ("R. < “R.).
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from Lu, Z.P. and Liu, C.T., Acta Mater., 50, 3501, 2002. With permission.)



G FA P ar am et e r S on the basis of thermodynamic or kinetic aspects

GFA parameters Expression Year established
Trg Tg/T| 1969 D.Turnbull,Contemp.Phys.10(1969) 473
K (Tx-Tg) / (T1-Tx) 1972 A.Hruby, Czech. J.Phys. B 22 (1972) 1187
AT* (TmMX=T)) [ Tpy™ix 1978 1.W.Donald, J.Non-Cryst.Solids 30 (1978) 77
ATx Tx—Tyg 1993 A.lnoue, J.Non-Cryst.Solids 156-158(1993)473
Y Tx / (TI"'Tg) 2002 Zz.P.Lu, C.T.Liu, Acta Mater. 50 (2002) 3501
o Tx / (TI'Tg) 2005 Q.J.Chen,Chiness Phys.Lett.22 (2005) 1736
a T/l T 2005 K.Mondal, J.Non-Cryst.Solids 351(2005) 1366
B Txl Tg+ Tg/ T 2005 K.Mondal, J.Non-Cryst.Solids 351(2005) 1366
¢ (Tg/ TI)(Tx-Tg/ Ty)? 2007 G.J.Fan,J.Non-Cryst. Solids 353 (2007) 102
Ym (2Tx=Tg)/ T 2007 X.H.Du,J.Appl.phys.101 (2007) 086108
B (Tg [ Ti- Tg )(Tg [ Ti- Tg ) 2008 z.z.yuan, J. Alloys Compd.459 (2008)
3 ATy [ Tx + Tg [T 2008 X.H.Du,Chinese Phys.B 17(2008) 249
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