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Recent BMGs with critical size ≥ 10 mm
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Trg 1/4 1/2 2/3

Rc
> 1010-12 K/s 104-6 K/s 102 K/s 1.3x10-2 or 0.067 K/s 10-5 to 10-4 K/s

Rc = 1010 K/s

Rc = 106 K/s
Rc = 3x103 K/s
Rc = 3.5x101 K/s

3. Glass-Forming Ability of Alloys:





Multi-component eutectic alloys with strong negative heat of mixing

P. Haasen, Physical Metallurgy 3rd ed

Tg
: also changes depending on

alloy composition



Glass region is located between composites with different 2nd phases.

Useful to find the composition with maximum GFA

< Symmetric Eutectic> < Non-symmetric Eutectic>

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



3.5 Topological Model (Structural aspect for glass formation)



* Metallic glass : Randomly dense packed structure

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

M is located at interior of the tetrahedron of four metal atoms (TM4M)
denser            by increasing resistivity of crystallization, GFA
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



3.5.2. Egami and Waseda Criterion



2) min. solute content, CB*: empirical rule By Egami & Waseda: in A-B binary system

ν: atomic volume
A: matrix, B: solute

minimum concentration of B for glass formation  
Inversely proportional to atomic volume mismatch



3.5.3. Nagel and Tauc Criterion

a(K) Fourier transform of the pair correlation function g(r)

Kp Nearest neighbor distance of the liquid metal in K-space

Kp = 2 kF
3/12

3/12 32)3(22 







==

H
F eR

nK ππ

:  Diameter of Fermi surface

The conduction electrons are suppose to 
form a degenerate free-electron gas with a 
spherical Fermi surface.



3.6 Bulk Metallic Glasses

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.



3.7 Inoue Criteria – Empirical Rules

a) Thermodynamic point of view

b) Kinetic point of view



3.7 Inoue Criteria – Empirical Rules



< significant difference in atomic size ratios >

Many amorphous alloys are formed by exploiting a phenomeonon called
the “confusion effect”. Such alloys contain so many different elements
(often a dozen or more) that upon cooling at sufficiently fast rates, the
constituent atoms simply cannot coordinate themselves into the
equilibrium crystalline state before their mobility is stopped. In this way,
the random disordered state of the atoms is “locked in “.



3.7 Inoue Criteria – Empirical Rules

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.







 Dense packed structure

Ca
19.7 nm

-72-20

-13

Heat of mixing
[kJ/mol]

Mg
16.0 nm

Zn
13.8 nm

 Decrease of melting temp.

Deep eutectic condition
Te/ Tm

Ca = 0.560

Tm
Ca = 1112 K

Te = below 623 K

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

Ca-Mg-Zn alloy system

Alloy design and new BMG development 



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

Ca

90

80

70

Mg

10 3020 40 Zn

over 10mm over 7mm over 3mm over 1mm below 1mm

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

15 mm in diameter sample
using Cu mold casting method 
in air atmosphere

(self-fluxing effect by Ca)

Ca65Mg15Zn20

Ca-Mg-Zn alloy system



3.8 Exceptions to the Above Criteria
3.8.1 Less Than Three Components in an Alloy System – Binary BMGs

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. 



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



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



3.10 Transformation Temperatures of Glasses
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Based on thermal analysis (Tg, Tx and Tl): thermodynamic and kinetic aspects
Trg = Tg/Tl D. Turnbull et al., Contemp. Phys., 10, 473 (1969)

K = (Tx - Tg) / (Tl - Tx) A. Hruby et al., Czech.J.Phys., B22, 1187 (1972)

ΔT* = (Tm
mix-Tl) / Tm

mix I. W. Donald et al., J. Non-Cryst. Solids, 30, 77 (1978)

ΔTx = Tx – Tg A. Inoue et al., J. Non-Cryst. Solids, 156-158, 473 (1993)

γ =  Tx / (Tl + Tg) Z.P. Lu and C. T. Liu, Acta Materialia, 50, 3501 (2002)

Based on thermodynamic and atomic configuration aspects
σ = ΔT* × P’                     E. S. Park et al., Appl. Phys. Lett. , 86, 061907 (2005)

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

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

Representative GFA Parameters



1) ΔTx parameter = Tx - Tg

- quantitative measure of glass stability toward crystallization
upon reheating the glass above Tg: stability of glass state

- cannot be considered as a direct measure for GFA

2)  K  parameter = (Tx-Tg)/(Tl-Tx) =ΔTx/(Tl-Tx)
- based on thermal stability of glass on subsequent reheating
- includes the effect of Tl , but similar tendency to ΔTx

GFA Parameters on the basis of thermodynamic or kinetic aspects :  

3) ΔT* parameter = (Tm
mix – Tl)/ Tm

mix

-

- 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

i
mT

n

i inmix
mT ⋅∑=

Tm
mix represents the fractional departure of Tm with variation of compositions 

and systems from the simple rule of mixtures melting temperature

( where ni and Tm
i are the mole fraction and melting point, respectively,   

of the i th component of an n-component alloy.)



Time Temperature Transformation diagram: 
1) ΔTx = Tx - Tg
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IH = R2 : regression coefficient
The R2 vale can range from 
0 to 1 and is an indicator of 
the reliability of the 
correlation.  The higher R2

value, the more reliable the 
regression is.  



1) ΔTx parameter = Tx - Tg

- quantitative measure of glass stability toward crystallization
upon reheating the glass above Tg: stability of glass state

- cannot be considered as a direct measure for GFA

2)  K  parameter = (Tx-Tg)/(Tl-Tx) =ΔTx/(Tl-Tx)
- based on thermal stability of glass on subsequent reheating
- includes the effect of Tl , but similar tendency to ΔTx
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Time Temperature Transformation diagram: 
2) K=(Tx-Tg)/(T l-Tx)=ΔTx/(Tl-Tx)
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1) ΔTx parameter = Tx - Tg

- quantitative measure of glass stability toward crystallization
upon reheating the glass above Tg: stability of glass state

- cannot be considered as a direct measure for GFA

2)  K  parameter = (Tx-Tg)/(Tl-Tx) =ΔTx/(Tl-Tx)
- based on thermal stability of glass on subsequent reheating
- includes the effect of Tl , but similar tendency to ΔTx
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mix

-
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2.0*≥∆T in most of glass forming alloys                                    
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Tm
B

Tm
A

Tm
C

A
B

C

Te

Tl

mixTm

0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38

1

10

R2 = 0.812m
ax

im
um

 d
ia

m
et

er
 D

m
ax
, m

m
 

∆T *

 

 
Ca-Mg-Zn alloy system



4) Trg parameter = Tg/Tl

- kinetic approach to avoid crystallization before glass formation
- Viscosity at Tg being constant, the higher the ratio Tg/Tl, 

the higher will be the viscosity at the nose of the CCT curves, 
and hence the smaller Rc

- Tl ↓and Tg ↑ ► lower nucleation and growth rate ► GFA ↑  

▪ significant difference between Tl and Tg in multi-component BMG 
▪ insufficient information on temperature-viscosity relationship
► insufficient correlation with GFA

GFA Parameters on the basis of thermodynamic or kinetic aspects :

5) γ parameter = Tx / (Tl + Tg)
- thermodynamic and kinetic view points - relatively reliable parameter
- stability of equilibrium and metastable liquids: Tl and Tg

- resistance to crystallization: Tx



Trg parameter  = Tg/Tl ~ η : the higher Trg, the higher η, the lower Rc

: ability to avoid crystallization during cooling
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TrgNi < TrgAu4Si < TrgSiO2

RNi >   RAu4Si >   RSiO2
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4) Trg parameter = Tg/Tl

- kinetic approach to avoid crystallization before glass formation
- Viscosity at Tg being constant, the higher the ratio Tg/Tl, 

the higher will be the viscosity at the nose of the CCT curves, 
and hence the smaller Rc

- Tl ↓and Tg ↑ ► lower nucleation and growth rate ► GFA ↑  

▪ significant difference between Tl and Tg in multi-component BMG 
▪ insufficient information on temperature-viscosity relationship
► insufficient correlation with GFA

GFA Parameters on the basis of thermodynamic or kinetic aspects :

5) γ parameter = Tx / (Tl + Tg)
- thermodynamic and kinetic view points - relatively reliable parameter
- stability of equilibrium and metastable liquids: Tl and Tg

- resistance to crystallization: Tx









Wide scatter for the tmax correlation



on the basis of thermodynamic or kinetic aspects

GFA parameters
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Expression

Tg / Tl   

(Tx-Tg) / (Tl-Tx) 

(Tmmix–Tl) / Tmmix 

Tx – Tg

Tx / (Tl+Tg)

Tx / (Tl-Tg)

Tx / Tl

Tx / Tg + Tg / Tl

(Tg / Tl )(Tx-Tg / Tg)a

(2Tx – Tg) / Tl

(Tg / Tl- Tg )(Tg / Tl- Tg )

∆Tx / Tx + Tg / Tl 

Year established

1969 D.Turnbull,Contemp.Phys.10(1969) 473

1972 A.Hruby, Czech. J.Phys. B 22 (1972) 1187

1978 I.W.Donald, J.Non-Cryst.Solids 30 (1978) 77

1993 A.Inoue, J.Non-Cryst.Solids 156-158(1993)473

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

2005 Q.J.Chen,Chiness Phys.Lett.22 (2005) 1736

2005 K.Mondal, J.Non-Cryst.Solids 351(2005) 1366

2005 K.Mondal, J.Non-Cryst.Solids 351(2005) 1366

2007 G.J.Fan,J.Non-Cryst. Solids 353 (2007) 102

2007 X.H.Du,J.Appl.phys.101 (2007) 086108

2008 Z.Z.Yuan, J. Alloys Compd.459 (2008)

2008 X.H.Du,Chinese Phys.B 17(2008) 249

GFA Parameters
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