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Supplementary	
  Fig.1	
  

	
  Log-­‐Log	
  plot	
  of	
  τX*	
  as	
  a	
  function	
  of	
  dmax2	
  for	
  eight	
  glass	
  forming	
  alloys	
  for	
  

which	
  both	
  quantities	
  have	
  been	
  experimentally	
  measured	
  on	
  the	
  same	
  alloy.	
  

The	
  values	
  of	
  τX*	
  for	
  seven	
  alloys	
  were	
  obtained	
  from	
  container-­‐less	
  HVESL	
  

experiments	
  where	
  the	
  TTT-­‐diagram	
  was	
  directly	
  measured	
  for	
  a	
  ~2.5	
  mm	
  

diameter	
  liquid	
  drop	
  under	
  near	
  isothermal	
  conditions.	
  One	
  data	
  point	
  (the	
  

lowest	
  value	
  of	
  τX*	
  in	
  the	
  figure)	
  is	
  for	
  Au49Cu5.5Ag2.3Pd26.9Si16.3	
  	
  and	
  was	
  

obtained	
  by	
  ultrafast	
  calorimetry	
  [see	
  ref.84	
  for	
  details].	
  The	
  solid	
  line	
  is	
  a	
  

power-­‐law	
  fit	
  as	
  given	
  by	
  Eq.	
  (5)	
  of	
  the	
  Supplementary	
  Methods	
  below.	
  Data	
  

used	
  in	
  the	
  figure	
  are	
  listed	
  in	
  Supplementary	
  Table	
  I.	
  The	
  horizontal	
  error	
  

bars	
  reflect	
  an	
  estimated	
  error	
  in	
  dmax	
  of	
  15%	
  as	
  discussed	
  in	
  the	
  

Supplemental	
  Methods	
  section	
  below.	
  The	
  vertical	
  error	
  bars	
  reflect	
  

estimated	
  uncertainty	
  in	
  determining	
  τX*	
  	
  from	
  HVESL	
  experiments.	
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Supplementary	
  Fig.	
  2	
  

Plot	
  of	
  log(dmax2)	
  as	
  a	
  function	
  of	
  Senkov’s	
  F1	
  parameter	
  as	
  given	
  in	
  eqn.	
  (7)	
  

of	
   the	
   Supplementary	
   Methods	
   below.	
   Data	
   used	
   to	
   determine	
   the	
   F1	
  

parameter	
  are	
  given	
  in	
  Supplementary	
  Table	
  I..	
  A	
  linear	
  least	
  squares	
  fit	
  as	
  

shown	
  by	
  solid	
  line	
  which	
  gives	
  a	
  slope	
  of	
  17.45	
  and	
  fitting	
  correlation	
  of	
  R2	
  

=	
  0.879.	
  	
  Vertical	
  error	
  bars	
  represent	
  and	
  experimental	
  uncertainty	
  in	
  dmax	
  	
  

of	
  15%	
  as	
  discussed	
  in	
  the	
  Supplemental	
  Methods	
  below.	
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Supplementary	
  Fig.3	
  

Variation	
  of	
  the	
  Angell	
  fragility	
  parameter	
  m	
  with	
  the	
  atomic	
  fraction,	
  x,	
  	
  of	
  

Ni	
   in	
   ternary	
   alloys	
   of	
   composition	
   (Pd1-­‐x,Nix)80P20.	
   See	
   Supplementary	
  

Table	
   I,	
  entries	
  20-­‐23	
  and	
  the	
  Supplementary	
  Methods	
  section	
  below	
  for	
  

information	
   regarding	
   the	
   data	
   and	
  methods	
   used	
   to	
   construct	
   the	
   plot.	
  

The	
   solid	
   curve	
   is	
   a	
   parabolic	
   fit	
   to	
   the	
   composition	
   dependence	
   	
   of	
   the	
  

fragility	
  m(x)	
  similar	
  to	
  that	
  used	
  by	
  Chen	
  [see	
  ref.	
  22]	
  to	
  characterize	
  the	
  

variation	
  of	
  the	
  VFT	
  parameters	
  with	
  composition.	
  

 



 4 

	
   	
  

 
 
	
  

	
  

Supplementary	
  Fig.4	
  

	
  Variation	
  of	
  alloy	
  liquidus	
  temperature	
  TL	
  with	
  the	
  atomic	
  fraction,	
  x	
  ,	
  of	
  Ni	
  

in	
  the	
  ternary	
  (Pd1-­‐xNix)80P20	
  alloys.	
  See	
  Supplementary	
  Table	
  I,	
  entries	
  20-­‐

23	
  and	
  the	
  	
  Supplementary	
  Methods	
  section	
  below	
  for	
  a	
  detailed	
  description	
  

of	
  the	
  data	
  used	
  to	
  construct	
  the	
  plot.	
  The	
  solid	
  curve	
  is	
  a	
  parabolic	
  fit	
  to	
  the	
  

data	
   similar	
   to	
   that	
   used	
   by	
   Chen	
   [22,23]	
   to	
   describe	
   the	
   composition	
  

variation	
  of	
  the	
  VFT	
  parameters	
  in	
  the	
  ternary	
  system.	
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Supplementary	
  Fig.5	
  

Variation	
  of	
  the	
  Turnbull	
  parameter	
  trg	
  with	
  x,	
  the	
  atomic	
  fraction	
  of	
  Ni	
  in	
  

the	
  ternary	
  (Pd1-­‐xNix)P20	
  glass	
  forming	
  alloys.	
  See	
  Supplementary	
  Table	
  I,	
  

entries	
  20-­‐23,	
  and	
  the	
  Supplemental	
  Methods	
  section	
  below	
  for	
  description	
  

of	
  the	
  data.	
  Solid	
  curve	
  is	
  a	
  parabolic	
  fit	
  to	
  the	
  data.	
  See	
  Supplementary	
  

Methods	
  section	
  below	
  for	
  a	
  discussion	
  of	
  the	
  data.	
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Supplementary Table I: Metallic Glass Database 
A compiled database for 42 metallic glass forming alloys. A description of the entries in the database and the 
methods used assess the data compiled are provided in the accompanying Supplementary Methods text below. 
References used as sources for data (last column in the table) are included in the list of references for the 
Supplementary Information. 

 
 

Alloy Systems 
 

Ni-based glasses 

 
 

Tg (K) 

 
 

TL(K) 

 
 

trg 

 
 

m 

 
 

dexp 
(mm) 

 
 

dcalc 
(mm) 

 
 

τ∗est  
(s)	
  

 
 

τ*TTT	
  
(s)	
  

 
References 
Comments 

 
1. Ni69 Cr8.5Nb3P19.5 

 
660 

 
1136 

 
0.581 

 
100# 

 
1 

 
0.9 

 
4.2 x 
10-3 

-  
[1] 

 
2. Ni69 Cr8.5Nb3P18B1.5 

 

 
664 

 
1134 

 
0.586 

 
77 

 
3 

 
3.5 

 
6.8 x 
10-2 

 
- 

 
[1] 

 
3. Ni69 Cr8.5Nb3P16.5B3 

 

 
668 

 
1134 

 
0.589 

 
59 

 
10 

 
9.4 

 
1.45 

 
- 

 
[1] 

 
4. Ni69 Cr8.5Nb3P15.5B4 

 

 
668 

 
1187 

 
0.563 

  
7 

  
0.59 

  
[1] 

 
5. Ni69 Cr8.5Nb3P14.5B5 

 

 
668 

 
1214 

 
0.550 

  
5 

  
0.25 

 [1] 

 
6. Ni69 Cr8.5Nb3P13.5B6 

 

 
671 

 
1243 

 
0.540 

 
54 

 
4 

 
2.7 

 
0.14 

 
- 

 
[1] 
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7. Ni80P20  ribbons 

 
 
 
 

 
581 

 
1161 

 
0.50 

 
94 

[22] 

 
0.12 

 
0.12 

 
1.9 x 
10-5 

  
[2,3,22] 

m extrapolated from data 
of Ref.[22] see text 

 
    

108* 
 

     
[4] high T viscosity only 

 
 

8. Ni75Si8B17 
 

 
 

818 
 

 
 

1419 

 
 

0.583 

 
 
- 

 
 

0.8 
[6] 

 
 

0.69 

 
 

2.4 x 
10-3 

 

 
- 

 
[4,5,6] 

 
dmax estimated from strip 
thickness of 0.55 mm [6] 

 
    

121* 
     

 high T viscosity only 
[4] 

 
 
 

 
Fe-based glasses 

 
Tg (K) 

 
TL(K) 

 
trg 

 
m 

 
dexp 

(mm) 

 
dcalc 

(mm) 

 
τ∗est  
(s) 

 
τ*TTT	
  
(s) 

 
References 
Comments 

 
9. Fe80P13C7 

ribbons/capillaries	
  
 

 
736 

 
1258 

 
0.585 

 
- 

 
0.72 

 

 
0.93 

 
1.8 x 
10-3 

 

 
- 

 
[4,5,6] 

    
102* 

     
high T viscosity only 

[4] 
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10. Metglas 2826 
Fe40Ni40P14B6 ribbons & 

bulk 1-2 mm rods 
 

 
662 

 
1184 

 
0.559 

 
66 
[9] 

 
2-2.5 
[7,8] 

 
CCR=
8x103 
K/s 

[9,10] 
 

 
2.8 

 
3.3 x 
10-2 

  
 

[7-10] 
 

CCR from drop tower 
experiments [9,10] 

 
11. Fe79Si10B11 

ribbons 
 
 

 
818 

 
1419 

 
0.576 

 
 

 
0.5 

  
7.2 x 
10-4 

  
[5] 

 
12. Fe74.5Mo5.5P12.5 

C5B2.5 

 

 
695 

 
1219 

 
0.570 

 
63 

[15] 

 
3 

 
4.4 

 
6.8 x 
10-2 

 
- 

 
[11,15] 

 
13. Fe68Mo5Ni5Cr2 

P12.5C5B2.5 
 

 
688 

 
1213 

 

 
0.567 

 
62 

[15] 

 
6 

 
4.3 

 

 
0.39 

 
- 

 
[11,15] 

 
14. Fe48Cr15Mo14C15 

B6Y2 
 

 
822 

 
1452 

 
0.566 

 
51 

[15] 

 
9 

[12] 

 
7.2 

 
1.1 

 
- 

 
[12,13,15] 

 
15. Fe41Co7Cr15Mo14 

C15B6Y2 
 
 

 
820 

 
1407 

 
0.583 

 
43 

[15] 

 
16 

[12] 

 
17.8 

 
4.8 

 
- 

 
[12-15] 
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Precious Metal Alloys 

 

 
Tg (K) 

 
TL(K) 

 
trg 

 
m 

 
dexp 

(mm) 

 
dcalc 

(mm) 

 
τ∗est  
(s) 

 
τ*TTT	
  
(s) 

 
References 
Comments 

 
 
 

16. Au77Si9.4Ge13.6 
 
 
 

 
 

293 

 
 

625 

 
 

0.469 

 
 

84.7 
[16] 

 
 

0.06 

 
 

0.05 

 
 

3.3 x 
10-6 

  
 

[16,17] 

 
 
 

17. Pd82Si18 

 

 

 
 

 
657 

 
1071 

 
1082 
[19] 

 
0.613 

 

 
- 

 
2-3 
[19] 

 
~8 

[18] 

  
 

4.3 x 
10-2 

 
- 

 
[18-20] 

 
high T boron-oxide fluxed 
spherical ingot up to 8mm 

diameter reported 
 

    
90* 

     
[4] from high T 

viscosity data only 
 

 
 
 

18. Pd77.5Cu6Si16.5 

 
622 
[22] 

 
623 
[21] 

 

 
1037 

 
 

1029 
[21] 
[22] 

 
0.601 

 
63 
 
 

63 
[20] 

 
61 

[21] 
 

 
11 

[25] 
 

11 
[26] 

 
600 
K/s 
[26] 

 
8 

 
1.9 

 
- 

 
[20-26] 

 
 

estimated critical cooling 
rate [26] 
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19. Pd79.5Au4Si16.5 

 

 
620 

 
1040 

 
0.596 

 
77 

 
2 

 
4.2 

 
2.4 x 
10-2 

  
[21,22] 

 
20. Pd64Ni16P20 

 

 
582 

 
983 

 
0.571 

 
[22] 
[30] 

 
66.9 

 
[22] 

 
4.0 

 
[27] 
[28] 

 
 
 

 
4.1 

 
0.14 

  
[22,27- 30]  

 
see discussion in SI and 

Fig.4 of main text 

 
21. Pd48Ni32P20 

 

 
565 

 
923 

 

 
0.612 
[22] 
[30] 

 
48.1 
[22] 
[32] 

 

 
 

 
31 

 
26 

  
[22,27-30, 32] 

 
see discussion in SI and 

Fig.4 of main text 
 
 

22. Pd40Ni40P20 

 
567 

 
963 

 
0.589 

 
48 
 

[22] 
[27] 

 

 
25 

[27,28] 
 

 
25 

 
15 

  
 

[22, 27-33,37,38] 
 

see discussion in SI and 
 Fig.4 of main text 

 
 

23. Pd16Ni64P20 
 
 

 
567 

 
1048 

 
0.541 

 
65.3 
[22] 

 
2.5 
[27] 
[28] 

 

 
2.3 

 
4.3 x  
10-2 

  
[22,27-30] 

 
see discussion in SI and 

Fig.4 of main text 

 
 

24. Pd40Ni40P19Si1 
 

 
567 
[37] 

 

 
884 

 
0.641 
[37] 

 
48.2 
[37] 

 
 
 

  
 

 
 

 
[32,37] 
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25. Pd40Cu30Ni10P20 

 
 
 
 
 

 
578 

 
 
 
 
 

 

 
862 

 
 
 
 
 
 

 
0.670 

 
 
 
 
 

 

 
57.6 

 
55.8 
[24] 

 
59.4 
[31] 

 

 
85 
 

[40] 
 
 
 
 

 
107 

 

 
330 

 

 
400 
[36] 

 
[24,31,32,35, 36-40]] 

 
reduced nose temp.  

t*= T*/TL =683/862= 
0.793 [see ref. 37] 

 

 
 

26. Pd42.5Cu30Ni7.5P20 
precise eutectic 

composition [ref. 31] 
 

 
566 

 
[38] 
[42] 

 
834 

 
[38] 
[41] 

 
0.679 

 
58 
 

[42] 
 

58.5 
 

[39] 
 
 

 
150** 

 
>80 

 
[40] 
[41] 

 
130 

 
1400 

  
[38, 40-42] 

 
** estimated from CCR of 

0.067 K/s [41] 
 

80mm diameter glass rod 
fabricated [40] 

see discussion in main text 
 

 
Zr- and Ti-based 

alloys 
 

 
Tg (K) 

 
TL(K) 

 
trg 

 
m 

 
dexp 

(mm) 

 
dcalc 

(mm) 

 
τ∗est  
(s) 

 
τ*TTT	
  
(s) 

 
References 
Comments 

 
27. Zr50Cu50 

 

 
 
 
 

 
673 

 
1208 
[45] 

 
0.557 

 
58 

[44] 
 
 

 
2.5 

 

 
3.0 

 
4.3 x 
10-2 

 
 

 
[44-46] 

 
m evaluated directly from 

data in [44] 
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28. Zr11Ti34Cu47Ni8 
Vit. 101 

 

 
 

671 
[49] 
668 
[54] 

 

 
 

1160 
[47] 
[49] 
[53] 

 
 

0.578 
 

0.575 
[54] 

 

 
 

67 
[49] 
59 

[54] 
 

 
 
4 

[47] 

 
 

4.7 

 
 

0.14 

 
 

 
 

[47-49,52-54] 
best m from combined low 

T and high T data 
 
 
 
 

 
29. 

Zr52.5Cu17.9Ni14.6Al10Ti5 
Vitreloy 105 

 
661 
[54] 

 

 
1091 
1125 
[54] 

 

 
0.606 

 
51.4 
[54] 

 

 
18 

 
22 

 
6.5 

 
12 

[50] 

 
[50,53,54,56] 

 
τESL	
  @	
  250	
  ppm	
  oxygen	
  	
  

[50]	
  
 

 
30. 

Zr57Nb5Cu15.4Ni12.6.Al10 
Vitreloy 106 

 
674 

 
673 
[54] 

 

 
1115 
[48] 

 
0.604 

 

 
48 
 

50.3 
47.5 

 

 
20 

 
24.6 

 
8.4 

 
6 

[48] 
[49] 
[57] 

 
[51-54,56,57] 

 
t*= T*/TL = 0.803 

 from [47,48] 
 

 
31. Zr58.5Nb2.8Cu15.6Ni12.8 

Al10.3 
Vitreloy 106a 

 
666 
[55] 

 
661 
[54] 

 

 
1101 
[55] 
[51] 

 
0.605 
 

 
47.5 
[56] 
46 

[54] 

 
32 
 

TTT-
curve 
[51] 
[55] 

 
25 
 
 

 
28 

 

 
32 

[55] 

 
[31,51,54-56] 

 
t*= T*/TL = 

0.815 from [55] 
 

dexpt estimated from τ*ESL	
  
[55] 
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32. Zr60Cu40Al10 

 
 

 
706 

 
1123 
[59] 

 
0.619 

 
57 

[58] 

 
22 

[60] 

 
25 

 
10.8 

  
[58-60] 

 
33.  

Zr46.75Ti8.25Cu8.25Ni10Be275 
Vitreloy 4 

 

 
595 
 [67] 

 

 
1050 
[67] 

 

 
0.567 
 

 
43.9 
[64] 
[67] 
[68] 

 

 
12 

 
10.5 

 
2.3 

 
- 

 
 

[34,64-68] 
 

 
34. Zr55Co25Al20 

 
 
 
 

 
753 
[56] 

 
1293 
[56] 

 
0.582 

 
64.5 
69 ht 
60 lt 
[56] 

 
10 

[56-
57] 

 
7.3 

 
1.5 

 
1.7 
[56] 
[57] 

 
[56,57] 

 
t*= T*/TL = 

980/1293=0.758 
 [56,57] 

 
 
 

35. Zr41.2Ti13.8Cu12.5 
Ni10Be22.5 

 
Vitreloy 1 

 
 
 

 
608 

 
613 

 
[31] 
[61] 
[67] 

 
991 

 
 
 

[31] 
[61] 
[63] 

 

 
0.614 

 
43 
 

42 
 

44.4 
 

 [31] 
[68] 
[54] 

 
50 

[62] 
 

40** 

[63] 

 
42 

 
50 

 
70 
 

[56]  
[57] 
[63] 

 
 

[31,34,54,56,57,61-
63,65,67,68]  

 
preferred m from digitized 

data 
 

t*= T*/TL = 
0.804 [56,57,63] 

 
**dmax from TTT-diagram 

estimated to be ~40mm 
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Mg- & La-based alloys 
 

 
Tg (K) 

 
TL(K) 

 
trg 

 
m 

 
dexp 

(mm) 

 
dcalc 

(mm) 

 
τ∗est  
(s) 

 
τ*TTT	
  
(s)	
  

 

 
References 
Comments 

 
 
 

36. Mg65Cu25Y10 
 

 
413 

 
420 
[72] 

 
735 

 
739 
[72] 

 
0.562 

 
44.5 

 
44.5 
[60] 
47.1 
[27] 

 
 

 
7 

 
8.8 

 
0.6 

 
 

 
[31,60,69-72] 

 
 

 
37.  Mg59.4Cu23Ag6.6Gd11 

 
 

 
425 
[72] 

 
700 
[72] 

 
0.607 

 
44 

 
34 

 
27 

 
33 
 

 
 
- 

 
[60,70-72] 

 

 
 

38. Mg61Cu28Gd11 
 
 
 
 

 
418 
[72] 

 
422 
[70] 

 
734 
[72] 

 
737 
[70] 

 
0.569 

 
38.1 
[70] 

 
47 

[72] 

 
12 

[70] 

 
9.3 

 
2.3 

 
 
 

 
 

[70-72] 

 
 
 

39. La55Al25Ni20 
 

 
447 

 
876 

 
0.510 

 

 
37.3 
35 

[73] 
39.5 
[31] 

 

 
3 

 
3.4 

 
6.8 x 
10-2 

 
 

 
[31,60,73,75] 
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40.  
La62:5Al12:5Cu15Ni5Ag5 

 

 
391 

 
717 

 
0.545 

  
8 

  
0.82 

  
[72,74,75] 

 
41.   

La62.5Al12.5Cu10Ni5Co5Ag5 
 
 

 
 

404 

 
 

691 
 

 
 

0.585 

  
 

12 

  
 

2.3 

 
 

 
 

[72,74,75] 
 
 

 
42. 

La65Al14Cu9.2Ag1.8Ni5Co5 
 

 
419 

 
687 

 
0.610 

  
30 

  
24 

  
[76] 

	
  
	
  

Footnotes	
  for	
  Supplementary	
  Table	
  I	
  
	
  
#	
  Values	
  extrapolated	
  using	
  the	
  composition	
  dependence	
  of	
  m	
  (measured	
  data	
  for	
  1.5-­‐6	
  at.%	
  boron	
  are	
  extrapolated	
  to	
  0	
  %	
  
boron)	
  using	
  fitting	
  function	
  in	
  ref.[1] 
	
  
*	
   These	
   values	
   of	
  m	
   are	
   estimated	
   from	
   high	
   temperature	
   data	
   only	
   and	
   based	
   on	
   the	
   early	
   studies	
   of	
   equilibrium	
   liquid	
  
viscosity	
   	
   as	
   reported	
   by	
   Davies	
   [4].	
   These	
   data	
   were	
   not	
   used	
   in	
   Figs.	
   2	
   and	
   3	
   since	
   such	
   values	
   of	
   m	
   are	
   known	
   to	
   be	
  
overestimated	
  compared	
  with	
  those	
  based	
  on	
  low	
  temperature	
  viscosity	
  data.	
  See	
  discussion	
  in	
  SI	
  text.	
  
	
  
In	
   general,	
  when	
   low	
   temperature	
   viscosity	
   data	
   are	
   reported	
   in	
   terms	
  of	
  VFT	
   fitting	
  parameters	
   (D	
   and	
  T0),	
   the	
  Angell	
  m	
  
parameter	
  has	
  been	
  analytically	
  determined	
  from	
  the	
  identity	
  relation:	
  
	
  
m= [DT0Tg]/[ln(10)(Tg-T0)2] 
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Supplementary	
  Methods	
  
	
  
Methods	
  for	
  Compiling	
  the	
  Metallic	
  Glass	
  Database	
  
	
  
	
   The	
   data	
   used	
   to	
   compile	
   Supplementary	
   Table	
   I	
   are	
   taken	
   from	
   the	
  

published	
   literature	
  on	
  metallic	
   glasses	
   covering	
   the	
   time	
   frame	
   from	
  1960	
   to	
   the	
  

present.	
  Each	
  entry	
  in	
  the	
  table	
  represents	
  a	
  single	
  alloy	
  composition.	
  In	
  some	
  cases,	
  

several	
  entries	
  of	
  different	
  compositions	
  within	
  the	
  same	
  alloy	
  system	
  are	
  included	
  

to	
   illustrate	
   the	
  composition	
  variation	
  of	
  glass	
   formation	
  and	
  alloy	
  properties	
   in	
  a	
  

given	
   system.	
   Column	
   1	
   gives	
   the	
   alloy	
   composition	
   in	
   atomic	
   percentages.	
   The	
  

second	
  column	
  gives	
  the	
  rheological	
  glass	
  transition	
  temperature,	
  Tg	
  (K)	
  defined	
  as	
  

the	
   temperature	
   at	
   which	
   the	
   equilibrium	
   liquid	
   viscosity	
   is	
   1012	
   Pa-­‐s.	
   Column	
   3	
  

gives	
  the	
  alloy	
  liquidus	
  temperature,	
  TL	
  (K)	
  defined	
  as	
  the	
  temperature	
  above	
  which	
  

the	
  equilibrium	
  alloy	
   is	
   fully	
   liquid	
   (contains	
  no	
  solid	
  phases).	
  Column	
  4	
  gives	
   the	
  

dimensionless	
  Turnbull	
   parameter,	
   trg	
  =	
  Tg/TL	
   The	
   value	
   of	
   trg	
   in	
   bold	
   print	
   is	
   the	
  

preferred	
  value	
  used	
  for	
  GFA	
  analysis	
  in	
  the	
  paper.	
  Note	
  that	
  in	
  the	
  literature,	
  this	
  is	
  

often	
   labeled	
   Trg.	
   We	
   prefer	
   the	
   lower	
   case	
   letter	
   to	
   indicate	
   the	
   dimensionless	
  

nature	
  of	
  this	
  ratio.	
  Column	
  5	
  gives	
  the	
  dimensionless	
  Angell	
  Fragility	
  Parameter	
  m,	
  

defined	
  as:	
  

	
   	
  

 m	
  =	
  d(logη)d(Tg/T)/Tg/T	
  =	
  1	
   	
   	
   	
   	
   (1)	
  

	
  

where	
   η is	
   the	
   temperature	
   dependent	
   viscosity	
   in	
   units	
   of	
   Pa-­‐s	
   and	
   Tg	
   is	
   the	
  

rheological	
  glass	
  transition	
  temperature.	
  Values	
  of	
  m	
  in	
  bold	
  print	
  are	
  the	
  preferred	
  

values	
  used	
  for	
  analysis	
  in	
  the	
  paper.	
  Column	
  6	
  is	
  the	
  experimentally	
  observed	
  glass	
  

forming	
  ability	
  of	
  the	
  alloy	
  expressed	
  in	
  terms	
  of	
  the	
  maximum	
  reported	
  diameter	
  of	
  

a	
   rod,	
  dmax,	
   (in	
  mm)	
   for	
  which	
   the	
   liquid	
  alloy	
  can	
  be	
  quenched	
   to	
  a	
  glass	
  with	
  no	
  

detectable	
   crystallinity.	
   Column	
   7	
   is	
   the	
   predicted	
   glass	
   forming	
   ability	
   obtained	
  

from	
   equation	
   (3)	
   in	
   the	
   main	
   text.	
   Column	
   8	
   expresses	
   GFA	
   in	
   terms	
   of	
   an	
  

equivalent	
  nose	
  time,	
  τX*	
  (in	
  s).	
  This	
  nose	
  time	
  is	
  defined	
  by	
  onset	
  of	
  recalescence	
  in	
  

a	
  spherical	
  droplet	
  ~2.5	
  mm	
  in	
  diameter	
  (typical	
  used	
  in	
  High	
  Vacuum	
  Electrostatic	
  

Levitation,	
  HVESL,	
  processing	
  experiments)	
  under	
  near	
  isothermal	
  conditions	
  at	
  the	
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respective	
   T*	
   of	
   the	
   sample.	
   This	
   is	
   estimated	
   from	
   the	
   experimental	
   dmax	
   values	
  

using	
  an	
  empirical	
  scaling	
  relationship	
  τX*	
  ~	
  α dmaxn	
  with	
  α	
  and	
  the	
  exponent	
  n	
  are	
  

determined	
  by	
  a	
  best	
   fit	
   to	
  data	
  where	
  both	
  τX*	
  and	
  dmax	
  have	
  been	
  experimentally	
  

determined	
  for	
   the	
  same	
  alloy	
  (see	
  discussion	
  and	
  eqn.(5)	
  below).	
  Column	
  9	
  gives	
  

the	
   experimental	
   values	
   of	
   τX*	
   taken	
   directly	
   from	
   a	
   measured	
   TTT-­‐diagram	
  

obtained	
   using	
   containerless	
   HVESL	
   processing.	
   Such	
   experimental	
   TTT-­‐diagrams	
  

are	
  available	
  for	
  a	
  limited	
  number	
  of	
  alloy	
  entries	
  (~10).	
  Column	
  10	
  provides	
  a	
  list	
  

of	
   references	
   for	
   each	
   alloy	
   entry	
   from	
   which	
   the	
   respective	
   data	
   were	
   taken.	
  

Reference	
   numbers	
   are	
   also	
   indicated	
   in	
   other	
   columns	
   to	
   assist	
   the	
   reader	
   in	
  

identifying	
   the	
   source	
   of	
   specific	
   parameter	
   values.	
   Column	
   10	
   also	
   contains	
  

comments	
   regarding	
   the	
  entries.	
  Below,	
  we	
  describe	
   the	
  procedures	
  and	
  methods	
  

used	
  to	
  assess	
  the	
  literature	
  data.	
  

	
  

A.	
  Assessment	
  of	
  Viscosity	
  data	
  (Tg	
  and	
  m)	
  

	
   Low	
   temperature	
   viscosity	
   data	
   in	
   the	
   literature	
   near	
   and	
   above	
   Tg	
   are	
  

obtained	
   using	
   techniques	
   such	
   as	
   Parallel	
   Plate	
   Rheometry	
   [77],	
   Beam	
   Bending	
  

[64],	
   and	
   Creep	
   Rate	
   studies	
   on	
   wires	
   and	
   ribbons	
   [21].	
   Data	
   typically	
   cover	
   the	
  

range	
  of	
  viscosity	
  from	
  106-­‐1014	
  Pa-­‐s.	
  The	
  lowest	
  measureable	
  viscosity	
  is	
  generally	
  

limited	
  by	
  intervening	
  crystallization	
  of	
  the	
  metallic	
  glass.	
  Data	
  for	
  alloys	
  with	
  poor	
  

stability	
   against	
   crystallization	
   (small	
   ΔT	
   =	
   TX–Tg,	
   where	
   TX	
   is	
   the	
   crystallization	
  

temperature)	
  are	
  often	
  restricted	
  to	
  viscosities	
  above	
  1010	
  Pa-­‐s.	
  Reported	
  data	
  are	
  

most	
  often	
  fit	
  using	
  the	
  Vogel-­‐Fulcher-­‐Tammann	
  (VFT)	
  equation:	
  

	
  

	
   ln(η/η0)=exp[DT0/(T-­‐T0)]	
  	
   	
   	
   	
   	
   (2)	
  

	
  

where	
  D,	
  T0,	
   and	
  η0	
   (the	
   liquid	
   viscosity	
   in	
   the	
   high	
   temperature	
   limit)	
   are	
   fitting	
  

parameters	
  [78].	
  It	
  is	
  frequently	
  assumed	
  that	
  η0	
  ≈	
  10-­‐3	
  Pa-­‐s.	
  For	
  most	
  studies,	
  best	
  

values	
   of	
  D	
   and	
  T0	
   and	
  η0	
   are	
   tabulated.	
   	
   As	
   seen	
   in	
   eqn.	
   (1),	
   the	
   Angell	
   Fragility	
  

parameter,	
  m,	
  is	
  the	
  slope	
  of	
  a	
  plot	
  of	
  log(η)	
  vs.	
  Tg/T	
  evaluated	
  at	
  Tg	
  [78].	
  It	
  is	
  easily	
  

shown	
  that	
  m	
  can	
  be	
  expressed	
  in	
  terms	
  of	
  the	
  VFT	
  parameters	
  as:	
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   m	
  =	
  (DT0Tg)/[ln(10)(T-­‐T0)2]     (3) 

 

Tabulated	
  values	
  of	
  m	
  in	
  Table	
  I	
  were	
  derived	
  from	
  this	
  relationship	
  for	
  cases	
  where	
  

the	
  VFT-­‐parameters	
  were	
  reported.	
  Experimental	
  uncertainty	
  in	
  fitting	
  parameters	
  

D,	
  T0,	
  and	
  the	
  rheological	
  Tg	
  are	
  propagated	
  and	
  give	
  a	
  corresponding	
  uncertainty	
  in	
  

m.	
  The	
  typical	
  error	
  in	
  determining	
  m	
  is	
  estimated	
  below.	
  

	
   Low	
   temperature	
  viscosity	
  data	
   can	
  also	
  be	
   fit	
  using	
  other	
  model	
   functions	
  

such	
  as	
  the	
  Cooperative	
  Shear	
  Model	
  [79].	
  In	
  this	
  case,	
  the	
  m	
  values	
  are	
  determined	
  

from:	
  

 

 m	
  =	
  15(1+2n)       (4) 

 

where	
  n	
   is	
   an	
   index	
  describing	
   the	
  exponential	
  decay	
  of	
   the	
   flow	
  barrier	
  W(T)	
  vs.	
  

T/Tg	
  [79].	
  Clearly,	
  m	
  can	
  also	
  be	
  obtained	
  directly	
  from	
  the	
  slope	
  of	
  a	
  log(η)	
  vs.	
  Tg/T	
  

plot	
   at	
  T	
  =	
  Tg.	
  This	
   direct	
  method	
  was	
   used	
   to	
   obtain	
  m	
   in	
   cases	
  where	
   digitized	
  

viscosity-­‐temperature	
  data	
  are	
  available.	
  For	
  some	
  entries	
  in	
  the	
  Table,	
  multiple	
  m	
  

values	
  from	
  independent	
  reports	
  are	
  available.	
  The	
  scatter	
  in	
  data	
  for	
  the	
  same	
  alloy	
  

provides	
  an	
   indication	
  of	
   the	
  uncertainty	
   in	
  m	
   values	
  among	
  various	
   investigators	
  

using	
  different	
  techniques.	
  

	
   Viscosity	
   data	
   at	
   high	
   temperature	
   (near	
   and	
   above	
  TL)	
   are	
   obtained	
  using	
  

Liquid	
   Drop	
  Oscillation	
   Decay	
   [56,80].	
   Here,	
   the	
   viscosity	
   is	
   determined	
   from	
   the	
  

exponential	
  damping	
  time	
  of	
  mechanical	
  dipole	
  oscillations	
  (Lame	
  oscillations)	
  of	
  a	
  

liquid	
  droplet.	
  The	
  method	
  is	
  limited	
  to	
  relatively	
  low	
  viscosity	
  values	
  (<	
  100	
  mPa-­‐s)	
  

where	
  such	
  oscillations	
  are	
  under-­‐damped	
  and	
  is	
  useful	
  mainly	
  for	
  liquids	
  above	
  TL.	
  

Capillary	
   Flow	
   Viscometry	
   and	
   Couette	
   (Rotating	
   Cup)	
   Viscometry	
   are	
   other	
  

common	
  methods	
   to	
   measure	
   viscosity	
   of	
   relatively	
   fluid	
   liquids	
   (<	
   102	
   Pa-­‐s).	
   In	
  

general,	
  high	
  temperature	
  viscosity	
  data	
  below	
  TL	
  is	
  limited	
  to	
  temperatures	
  where	
  

the	
   undercooled	
   liquid	
   is	
   stable	
   against	
   crystallization	
   on	
   the	
   time	
   scale	
   of	
   the	
  

measurement.	
  Reported	
  high	
   temperature	
  viscosity	
  data	
  on	
  metallic	
  glass	
   forming	
  

alloys	
  is	
  available	
  for	
  viscosities	
  below	
  about	
  ~1Pa-­‐s.	
  High	
  temperature	
  data	
  is	
  often	
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fit	
  to	
  the	
  VFT-­‐law	
  by	
  requiring	
  that	
  the	
  VFT	
  fit	
  be	
  constrained	
  to	
  give	
  η(T)	
  =	
  1012	
  Pa-­‐

s	
   at	
   a	
   nominal	
  T	
  =	
  Tg.	
   Such	
   fits	
   are	
   an	
   interpolation/extrapolation	
  of	
   the	
   viscosity	
  

curve	
  by	
  11	
  orders	
  of	
  magnitude	
  or	
  more	
  (from	
  ~	
  100	
  –	
  1012	
  Pa-­‐s),	
  a	
  region	
  where	
  

little	
   data	
   is	
   available	
   regarding	
   the	
   temperature	
   dependence	
   of	
  η(T).	
   Using	
   high	
  

temperature	
  data	
  alone	
  to	
  estimate	
  m	
   thus	
  results	
   in	
   large	
  typical	
  errors.	
   It	
   is	
  also	
  

generally	
   found	
   that	
   m	
   values	
   obtained	
   from	
   high	
   temperature	
   data	
   alone	
   are	
  

consistently	
  larger	
  than	
  those	
  obtained	
  from	
  low	
  temperature	
  viscosity	
  data	
  (in	
  the	
  

neighborhood	
   of	
   Tg	
   where	
   m	
   is	
   actually	
   defined).	
   Values	
   of	
   m	
   compiled	
   in	
  

Supplementary	
  Table	
  I	
  are	
  in	
  the	
  range	
  35	
  <	
  m	
  <	
  100.	
  Using	
  high	
  temperature	
  data	
  

alone	
   gives	
   values	
   of	
   m	
   as	
   much	
   as	
   ~20	
   higher	
   than	
   those	
   obtained	
   from	
   low	
  

temperature	
   data	
   (e.g.	
   see	
   [56,80])	
   Such	
   large	
   errors	
   and	
   inconsistencies	
   make	
  

these	
  values	
  almost	
  useless	
  in	
  attempts	
  to	
  correlate	
  GFA	
  with	
  fragility.	
  The	
  m	
  values	
  

used	
  in	
  our	
  analysis	
  of	
  GFA	
  (the	
  bold-­‐face	
  entries	
  for	
  m	
   in	
  Supplementary	
  Table	
  I)	
  

are	
  based	
  on	
  either	
   low	
   temperature	
  data	
  alone,	
  or	
  on	
  a	
   combination	
  of	
  both	
   low	
  

and	
  high	
  temperature	
  data.	
  

	
  

B.	
  GFA	
  and	
  critical	
  rod	
  diameter	
  dmax	
  

	
   Throughout	
  the	
  paper,	
  we	
  have	
  defined	
  GFA	
  in	
  terms	
  of	
  dmax,	
   the	
  maximum	
  

diameter	
   of	
   a	
   long	
   rod	
   that	
   can	
   be	
   quenched	
   to	
   a	
   glass	
   with	
   no	
   detectable	
  

crystallinity.	
  This	
  definition	
  represents	
  a	
  practical	
  approach	
  since	
  data	
  for	
  dmax	
  are	
  

most	
   widely	
   available.	
   The	
   dmax	
   values	
   listed	
   in	
   the	
   Supplementary	
   Table	
   I	
   are	
  

maximum	
  rod	
  diameters	
  obtained	
  by,	
  (1)	
  water	
  quenching	
  the	
  melt	
  from	
  above	
  TL	
  in	
  

thin	
  walled	
  quartz	
  tubes	
  (0.5	
  or	
  1.0	
  mm	
  wall	
  thickness),	
  by	
  (2)	
  metal	
  mold	
  casting	
  

typically	
  done	
  by	
  pouring	
  or	
  injecting	
  the	
  melt	
  into	
  a	
  cylindrical	
  copper	
  mold,	
  or	
  (3)	
  

melt	
  spinning	
  ribbons	
  or	
  wires	
  of	
  varying	
  thickness	
  to	
  determine	
  a	
  maximum	
  ribbon	
  

(wire)	
  thickness	
  which	
  can	
  be	
  made	
  amorphous.	
  The	
  figures	
  in	
  the	
  main	
  text	
  display	
  

GFA	
  in	
  terms	
  of	
  dmax2.	
  This	
  choice	
  is	
  based	
  on	
  the	
  assumption	
  that	
  τX*	
  ~	
  dmax2	
  and	
  the	
  

fact	
   that	
   the	
   thermal	
  diffusivity,	
  Dth,	
  of	
  all	
  metallic	
  glass	
   forming	
   liquids	
   is	
   roughly	
  

the	
   same.	
  Measured	
  values	
  of	
  Dth	
   for	
  metallic	
   glass	
   forming	
   liquids	
   fall	
   in	
   range	
  2	
  

mm2/s	
  <	
  Dth	
  <	
  5	
  mm2/s	
  [81,82].	
  	
  Consider	
  the	
  transient	
  solution	
  to	
  the	
  Fourier	
  heat	
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flow	
  equation	
  for	
  quenching	
  a	
  long	
  cylindrical	
  rod	
  at	
  some	
  initial	
  temperature	
  T	
  >	
  TL	
  

quenched	
   to	
   ambient	
   temperature	
   by	
   suddenly	
   clamping	
   the	
   sample	
   surface	
  

temperature	
   to	
   that	
  of	
  a	
   stirred	
  water	
  bath	
   (absent	
  any	
  boiling	
  of	
   the	
  water).	
  The	
  

leading	
   term	
   in	
   a	
   series	
   for	
   transient	
   temperature	
  distribution	
  T(r,	
   t)	
   has	
   a	
   radial	
  

dependence	
  given	
  by	
   the	
  zeroth	
  order	
  Bessel	
  Function	
   J0(λ1r)	
  with	
  λ1 = 2.405/(d/2)	
  

and	
   the	
   time	
  dependence	
  ~exp[-­‐Dthλ1
2t]).	
  The	
   rod	
  centerline	
   temperature	
  decay	
   is	
  

dominated	
  by	
   this	
   term	
  with	
   a	
   relaxation	
   time	
  τth~	
  dmax2/(23.14	
  Dth).	
   For	
   a	
   typical	
  

value	
  of	
  dmax	
  =	
  1	
  cm	
  and	
  a	
  typical	
  liquid	
  thermal	
  diffusivity	
  of	
  Dth	
  =	
  0.04	
  cm2/s,	
  we	
  

have	
   τth	
   ~	
   1	
   s	
   for	
   the	
   decay	
   time	
   of	
   the	
   centerline	
   temperature.	
   To	
   avoid	
  

crystallization,	
  one	
  must	
  roughly	
  have	
  τX*	
  ≈	
  τth	
  =	
  (dmax2)/(23.14	
  Dth).	
  This	
  establishes	
  

a	
   relationship	
   between,	
   τX*	
   and	
   dmax2,	
   as	
   two	
   alternate	
  measures	
   of	
   GFA.	
   	
   	
   In	
   the	
  

above	
   example	
  we	
   find	
   that	
   a	
  dmax	
   of	
   1	
   cm	
   is	
   equivalent	
   a	
   nose	
   time	
   of	
   τX*	
  ~	
   1	
   s.	
  	
  

Referring	
   to	
   Table	
   I,	
  we	
   see	
   that	
   alloys	
  with	
  dmax	
  ~	
   1	
   cm	
   (see,	
   for	
   example,	
   entry	
  

No.’s	
  18,	
  33,	
  34,	
  and	
  41	
  in	
  Supplementary	
  Table	
  I)	
  indeed	
  have	
  τX*	
  values	
  of	
  roughly	
  

1	
   s.	
   The	
   quantitative	
   nature	
   of	
   the	
   agreement	
   is	
   likely	
   fortuitous	
   given	
   the	
  

approximations	
  made.	
  For	
  one	
  thing,	
  the	
  measured	
  values	
  of	
  τX*	
  refer	
  to	
  an	
  HVESL	
  

experiment	
   for	
   an	
   isothermal	
   sphere	
   of	
   diameter	
  ~	
   2.5	
  mm	
   (see	
   above).	
   It	
   is	
   not	
  

clear	
  how	
  the	
  effective	
  volume	
  of	
  a	
  quenched	
  rod	
  exposed	
  to	
  the	
  greatest	
  nucleation	
  

rate	
   (volume	
  exposed	
   to	
   the	
   lowest	
  cooling	
  rate)	
  versus	
   the	
   isothermal	
  sphere	
  (of	
  

fixed	
  volume)	
  effect	
  the	
  definition	
  of	
  τX*.	
  Nonetheless,	
  our	
  estimate	
  of	
  τth	
  verifies	
  that	
  

dmax2	
  and	
  τX*	
  are	
  related.	
  The	
  success	
  of	
  Eq.	
  (2)	
  suggests	
  that	
  dmax2	
  is	
  indeed	
  a	
  useful	
  

definition	
  of	
  glass	
  forming	
  ability.	
  Direct	
  measurements	
  of	
  τX*	
  are	
  actually	
  available	
  

for	
  a	
  limited	
  number	
  of	
  cases	
  (Supplementary	
  Table	
  I).	
  Based	
  on	
  those	
  data,	
  we	
  shall	
  

establish	
  an	
  empirical	
  scaling	
  relation	
  between	
  τX*	
  and	
  dmax2	
  as	
  described	
  in	
  the	
  next	
  

section.	
   This	
   relation	
   can	
   be	
   used	
   to	
   roughly	
   convert	
   each	
  measure	
   of	
   GFA	
   to	
   the	
  

other.	
  

	
  

C.	
  Experimental	
  measurements	
  of	
  τX*	
  and	
  empirical	
  correlation	
  with	
  dmax2	
  

	
   To	
   measure	
   τX(T)	
   directly,	
   containerless	
   High	
   Vacuum	
   Electrostatic	
  
Levitation	
  (HVESL)	
  experiments	
  have	
  been	
  employed	
  [56,63].	
  Here,	
  the	
  sample	
  is	
  a	
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liquid	
  droplet	
  typically	
  2.5	
  mm	
  in	
  diameter.	
  The	
  sample	
  is	
  heated	
  to	
  a	
  temperature	
  

above	
   TL,	
   and	
   then	
   allowed	
   to	
   cool	
   by	
   free	
   radiative	
   heat	
   loss	
   (i.e.	
   the	
   Stephan-­‐

Boltzmann	
  “T4”	
   law).	
  Observed	
  free	
  radiative	
  cooling	
  rates	
  are	
  typically	
  ~5-­‐30	
  K/s	
  

scaling	
   roughly	
   as	
   TL4.	
   The	
   internal	
   Fourier	
   thermal	
   relaxation	
   time	
   of	
   a	
   2.5-­‐mm	
  

diameter	
  droplet	
   is	
   less	
  than	
  ~0.1	
  s	
  [83].	
  The	
  sample	
  cools	
  sufficiently	
  slowly	
  that	
  

internal	
   temperature	
   gradients	
   are	
   small	
   within	
   the	
   sample.	
   The	
   sample	
   is	
   near	
  

isothermal.	
  	
  A	
  typical	
  experiment	
  to	
  measure	
  τX(T)	
  involves	
  heating	
  the	
  sample	
  well	
  

above	
  TL	
   using	
  power	
  absorbed	
   from	
  a	
   laser	
  beam(s)	
   to	
   achieve	
  an	
   initial	
   steady-­‐

state	
  temperature.	
  The	
  laser	
  is	
  suddenly	
  switched	
  off	
  to	
  allow	
  free	
  radiative	
  cooling.	
  

Upon	
  reaching	
  some	
  target	
   temperature	
  below	
  TL,	
   the	
   laser	
   is	
   turned	
  back	
  on	
  at	
  a	
  

new	
  input	
  power	
  level	
  chosen	
  to	
  maintain	
  the	
  drop	
  at	
  steady	
  state	
  at	
  the	
  new	
  target	
  

temperature.	
  Basically,	
  the	
  drop	
  is	
  free	
  cooled	
  to	
  some	
  temperature	
  lower	
  than	
  TL,	
  

then	
   held	
   there	
   at	
   constant	
   temperature.	
   Crystallization	
   is	
   detected	
   by	
   an	
   abrupt	
  

temperature	
  rise	
  associated	
  with	
  recalescence.	
  The	
  elapsed	
  time	
  to	
  recalescence	
  at	
  

the	
   target	
   temperature	
   is	
   measured.	
   Repeating	
   the	
   process	
   for	
   various	
   target	
  

temperatures	
  around	
  T*	
   determines	
   the	
  τX(T)-­‐curve	
  or	
  TTT-­‐diagram	
   in	
  as	
  direct	
   a	
  

manner	
   as	
   possible.	
   At	
   each	
   temperature,	
   the	
   droplet	
   is	
   near	
   isothermal	
   and	
   one	
  

measures	
  the	
  waiting	
  time	
  to	
  recalescence	
  (generally	
  quite	
  abrupt	
  and	
  well	
  defined	
  

near	
  T*).	
  Since	
  the	
  volume	
  of	
  the	
  droplet	
  is	
  known,	
  one	
  may	
  express	
  the	
  result	
  as	
  an	
  

intensive	
  nucleation	
  rate	
  (nuclei	
  per	
  unit	
  volume	
  per	
  sec.)	
  using	
  observed	
  nose	
  time,	
  

τX*.	
   	
  The	
  data	
   for	
   the	
  τX*	
  is	
   generally	
  well	
  defined	
  and	
   reproducible.	
  Unfortunately,	
  

such	
  experiments	
  are	
  limited	
  to	
  glass	
  forming	
  alloys	
  where	
  τX*	
  is	
  sufficiently	
  long	
  to	
  

permit	
   free	
   radiative	
   cooling	
  of	
   the	
  droplet	
   to	
  T*	
  within	
   a	
   time	
   scale	
   less	
   than	
  τX*.	
  

Practically,	
  this	
  requires	
  τX*	
  >	
  ~	
  1	
  s	
  for	
  a	
  2.5	
  mm	
  diameter	
  liquid	
  drop.	
  Thus,	
  HVESL	
  

data	
   for	
   τX*	
   are	
   only	
   for	
   high	
   GFA	
   alloys	
   (roughly	
   10	
   entries	
   in	
   Table	
   I).	
  

Supplementary	
   Fig.1	
   is	
   a	
   plot	
   of	
   dmax2	
   versus	
   τX*	
   for	
   8	
   alloys	
   where	
   both	
   are	
  

measured.	
   	
   The	
   data	
   are	
   plotted	
   on	
   a	
   log-­‐log	
   plot	
   to	
   assess	
   whether	
   power-­‐law	
  

scaling	
  τX*	
  ~	
  dn	
  is	
  appropriate.	
  A	
  best	
  least	
  squares	
  fit	
  gives:	
  

	
  

	
   τX*	
  =	
  0.00419	
  dmax2.54	
   	
   	
   	
   	
   	
   (5)	
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where	
  τX*	
  is	
   in	
   seconds	
  and	
  dmax	
   in	
  millimeters	
  This	
   result	
   is	
   strictly	
   empirical.	
  No	
  

effort	
   has	
   been	
  made	
   to	
   interpret	
   the	
   exponent	
   n	
   =	
   2.54	
   except	
   to	
   note	
   that	
   the	
  

above	
  arguments	
  suggest	
  n	
  ~	
  2	
  when	
  the	
  effective	
  volume	
  exposed	
  to	
  the	
  maximum	
  

nucleation	
   rate	
   is	
   not	
   considered	
   while	
   one	
   expects	
   n	
  >2	
   if	
   the	
   effective	
   volume	
  

scales	
  with	
  some	
  power	
  of	
   the	
  characteristic	
  sample	
  dimension.	
   In	
  Supplementary	
  

Table	
  I	
  (column	
  8),	
  we	
  have	
  the	
  scaling	
  relation	
  in	
  Eqn.	
  (5)	
  to	
  estimate	
  τX*	
  using	
  dmax	
  

as	
   input.	
   As	
   such,	
   the	
   values	
   for	
   τX*	
   are	
   estimated	
   equivalent	
   waiting	
   times	
   for	
   a	
  

spherical	
   droplet	
   of	
   diameter	
   ~	
   2.5	
   mm	
   under	
   near	
   isothermal	
   conditions	
   at	
   T*.	
  	
  

Normalizing	
   to	
   a	
   unit	
   volume	
   (e.g.	
   1	
  m3)	
   allows	
   one	
   convert	
   this	
   to	
   an	
   estimated	
  

intensive	
  normalized	
  nucleation	
  rate	
  of	
  ~	
  1.2	
  x	
  108	
  (1/τX*)	
  (in	
  units	
  of	
  nuclei/m3-­‐s)	
  

from	
  data	
   in	
   Supplementary	
  Table	
   I.	
   	
   This	
   assumes	
   that	
   a	
   steady	
   state	
   nucleation	
  

rate	
   is	
   relevant.	
   This	
   assumption	
   may	
   not	
   be	
   true	
   if,	
   for	
   instance,	
   transient	
  

nucleation	
  determines	
  τX*.	
  In	
  that	
  case,	
  τX*	
  may	
  instead	
  represent	
  an	
  incubation	
  time	
  

for	
  the	
  onset	
  of	
  nucleation	
  at	
  a	
  much	
  higher	
  steady-­‐state	
  rate.	
  

	
  

D.	
  Estimation	
  of	
  experimental	
  errors	
  

	
   Experimental	
  errors	
  in	
  trg,	
  m,	
  and	
  dmax	
  limit	
  the	
  ultimate	
  accuracy	
  achievable	
  

when	
  validating	
  Eq.	
  (2)	
  of	
  the	
  article.	
   	
  Experimental	
  error	
  in	
  Turnbull’s	
  parameter,	
  

trg	
   =	
   Tg/TL	
   arises	
   from	
   uncertainty	
   in	
   Tg	
   and	
   TL.	
   The	
   experimental	
   error	
   in	
  

determining	
   Tg	
   is	
   relatively	
   small	
   since	
   it	
   is	
   based	
   on	
   fitting	
   (i.e.	
   VFT	
   equation)	
  

viscosity	
  data	
  with	
  many	
  data	
  points	
  over	
  a	
  reasonably	
  large	
  temperature	
  interval.	
  

The	
  estimated	
  error	
   in	
  Tg	
   is	
  of	
   the	
  order	
  of	
  ±2	
  K.	
  This	
  can	
  be	
  compared	
  with	
  Tg	
  ~	
  

400-­‐700	
  K	
   yielding	
   a	
   relative	
   error	
   of	
   the	
   order	
   of	
   ±0.003.	
   Experimental	
   error	
   in	
  

determining	
   TL	
   is	
   larger.	
   TL	
   is	
   generally	
   measured	
   by	
   scanning	
   calorimetry	
   and	
  

defined	
  by	
  the	
  upper	
  temperature	
  limit	
  of	
  the	
  observed	
  melting	
  endotherm.	
  For	
  off-­‐

eutectic	
   alloys,	
   this	
   endothermic	
   signal	
   is	
   spread	
   out	
   and	
   may	
   exhibit	
   a	
   foot-­‐like	
  

feature	
   on	
   the	
   high	
   temperature	
   side	
   of	
   the	
   melting	
   event.	
   This	
   spreading	
   effect	
  

actually	
  varies	
  with	
  the	
  scanning	
  rate	
  used	
  in	
  the	
  calorimetry.	
  One	
  may	
  reduce	
  the	
  

latter	
   error	
  by	
  using	
   low	
  scan	
   rates	
   (~	
  5	
  K/min.	
  or	
   lower)	
   as	
   in	
   ref.	
   [1].	
  A	
   typical	
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error	
   in	
   TL	
   is	
   estimated	
   to	
   be	
   ±	
   5	
   K	
   compared	
   with	
   TL	
   ~	
   800-­‐1200	
   K	
   yielding	
   a	
  

typical	
  relative	
  error	
  of	
  ~0.005.	
  These	
  two	
  independent	
  errors	
  combined	
  to	
  give	
  a	
  

standard	
   error	
   in	
   the	
   resulting	
   dimensionless	
   trg	
   of	
   order	
   σt	
   ~	
   0.0058,	
   or	
   about	
  

0.006.	
  

	
   The	
   experimental	
   error	
   in	
   determining	
   Angell’s	
   parameter	
   m	
   arises	
   from	
  

errors	
  in	
  measuring	
  the	
  equilibrium	
  liquid	
  viscosity	
  η(T)-­‐curve	
  near	
  and	
  above	
  Tg.	
  

Contributing	
  to	
  this	
  error	
  are	
  (1)	
  systematic	
  instrumental	
  errors,	
  (2)	
  errors	
  arising	
  

from	
  the	
  liquid	
  not	
  reaching	
  equilibrium	
  [66],	
  (3)	
  or	
  errors	
  arising	
  from	
  the	
  onset	
  of	
  

crystallization	
  of	
   the	
   liquid	
   [68].	
  A	
  complete	
  assessment	
  of	
   these	
  errors	
   is	
  beyond	
  

the	
   scope	
   of	
   the	
   present	
   work.	
   For	
   cases	
   where	
   η(T)-­‐data	
   are	
   reported	
   by	
  

independent	
   investigators,	
   one	
   can	
   compare	
  m-­‐values	
   obtained	
   from	
   independent	
  

studies.	
   In	
   such	
   cases,	
   the	
   reported	
   m-­‐values	
   are	
   found	
   to	
   typically	
   scatter	
   by	
  

roughly	
  ±3	
  around	
  the	
  average	
  m	
  value.	
  We	
  use	
  this	
  as	
  an	
  estimate	
  of	
  the	
  standard	
  

error	
  in	
  m,	
  σm	
  ~	
  3.	
  

	
   Finally,	
  the	
  experimental	
  error	
  in	
  the	
  reported	
  dmax	
  of	
  a	
  given	
  alloy	
  depends	
  

greatly	
  on	
  the	
  effort	
  of	
  the	
  reporting	
  experimenter	
  to	
  establish	
  the	
  upper	
  bound	
  for	
  

the	
   maximum	
   rod	
   diameter,	
   maximum	
   ribbon	
   thickness,	
   etc.	
   for	
   obtaining	
   an	
  

amorphous	
   sample.	
   This	
   often	
   requires	
   that	
   a	
   quenched	
   sample	
   be	
   considerably	
  

overheated	
   (often	
   300-­‐600	
   C	
   above	
   TL)	
   or	
   fluxed.	
   The	
   overheating	
   effect	
   is	
  

attributed	
   to	
   the	
   melting	
   of	
   oxide	
   inclusions	
   [50,56].	
   In	
   the	
   case	
   of	
   many	
   metal-­‐

metalloid	
  glasses,	
  fluxing	
  the	
  melt	
  (e.g.	
  with	
  boron	
  oxide)	
  is	
  observed	
  to	
  significantly	
  

reduce	
  heterogeneous	
  nucleants	
  and	
  increase	
  GFA.	
  In	
  this	
  work,	
  the	
  values	
  of	
  dmax	
  in	
  

Table	
   I	
   were	
   taken	
   to	
   be	
   the	
   largest	
   reported	
   values	
   since	
   those	
   best	
   represent	
  

intrinsic	
  GFA	
  of	
  the	
  alloy.	
  The	
  accuracy	
  of	
  the	
  dmax	
  values	
  may	
  vary	
  with	
  the	
  details	
  

of	
   each	
   experimental	
   investigation.	
   For	
   example,	
   the	
   results	
   of	
   silica	
   tube	
   water	
  

quenching	
  with	
   increments	
  of	
  1mm	
   in	
  d	
   reported	
   in	
   ref.	
   [1]	
  establish	
  dmax	
   of	
   each	
  

alloy	
  with	
  an	
  accuracy	
  of	
  the	
  order	
  of	
  ~10%	
  when	
  carried	
  out	
  at	
  high	
  overheating.	
  

In	
  other	
  reports	
  dmax	
  values	
  are	
  obtained	
  using	
  fluxing	
  and	
  overheating	
  methods	
  [1,	
  

26-­‐29,32].	
   The	
   lack	
   of	
   systematic	
   quenching	
   in	
   tubes	
   of	
   varying	
   d	
   leads	
   to	
  

uncertainty	
   of	
   at	
   least	
   ~15-­‐20%	
   in	
   typical	
   dmax	
   values.	
   Metal	
   mold	
   casting	
   gives	
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values	
  of	
  dmax	
  having	
  a	
  typical	
  error	
  of	
  roughly	
  15%,	
  provided	
  that	
  sufficient	
  sample	
  

overheating	
  is	
  employed.	
  The	
  tendency	
  of	
  the	
  quenched	
  sample	
  to	
  lose	
  contact	
  with	
  

the	
   mold	
   due	
   to	
   differential	
   contraction	
   during	
   cooling	
   often	
   leads	
   to	
   decreased	
  

values	
  of	
  dmax.	
  	
  Measurements	
  of	
  the	
  critical	
  ribbon	
  thickness	
  in	
  variable	
  speed	
  melt	
  

spinning	
  of	
  metallic	
  glasses	
  likely	
  have	
  errors	
  of	
  at	
  least	
  ~10-­‐20%	
  [5].	
  Based	
  on	
  the	
  

above	
  considerations,	
  a	
  typical	
  relative	
  error	
  in	
  dmax,	
  for	
  our	
  database	
  is	
  taken	
  to	
  be	
  

~15%,	
  	
  i.e.	
  (σdmax/dmax)	
  ~	
  0.15.	
  

	
   The	
  above	
  error	
  estimates	
  in	
  trg,	
  m,	
  and	
  dmax	
  were	
  used	
  in	
  Eq.	
  (3)	
  of	
  the	
  main	
  

article	
   to	
   estimate	
   the	
   contribution	
   from	
   experimental	
   uncertainty	
   to	
   the	
   misfit	
  

between	
  the	
  prediction	
  of	
   log	
  (dmax2)	
  based	
  on	
  Eq.	
  (2)	
  and	
  the	
  actual	
  experimental	
  

data	
  for	
  log	
  (dmax2).	
  The	
  error	
  bars	
  in	
  Fig.3	
  of	
  the	
  main	
  text	
  were	
  determined	
  in	
  this	
  

manner.	
  

	
   	
  

GFA	
  analysis	
  using	
  Senkov’s	
  parameter	
  
	
  
	
   Senkov	
   [85]	
   argued	
   that	
   τX*	
   should	
   be	
   proportional	
   to	
   the	
   viscosity	
   of	
   an	
  

undercooled	
  liquid	
  at	
  the	
  nose	
  temperature	
  T*.	
  He	
  combined	
  this	
  argument	
  with	
  the	
  

VFT	
  equation	
  to	
  obtain	
  a	
  condition	
  for	
  glass	
  formation:	
  

	
  

𝐹! =
𝑇! − 𝑇!

0.5 𝑇! − 𝑇! − 𝑇!
~log 𝑅!                                                                 (6)	
  

	
  

Where	
  Rc	
  is	
  the	
  critical	
  cooling	
  rate.	
  The	
  parameter	
  F1	
  can	
  be	
  expressed	
  in	
  terms	
  of	
  

trg	
  and	
  the	
  VFT	
  parameters:	
  

	
  

𝐹! =
2𝑡!"𝐷

𝐷 1+ 𝑡!" + 16 1− 𝑡!" ln10
                                                    (7)	
  

	
  

Senkov’s	
  parameter	
  can	
  be	
  plotted	
  for	
  the	
  ~40	
  entries	
  in	
  Table	
  I	
  to	
  test	
  the	
  validity	
  

of	
  his	
  hypothesis.	
   Supplementary	
  Fig.2	
   shows	
   this	
  plot	
   for	
  our	
  database.	
   It	
   can	
  be	
  

compared	
   with	
   Figs.	
   1,	
   Fig.2,	
   and	
   Fig.	
   3	
   of	
   the	
   main	
   article.	
   A	
   linear	
   regression	
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accounts	
  for	
  88%	
  of	
  the	
  variance	
  in	
  the	
  GFA,	
  significantly	
  better	
  than	
  either	
  trg	
  or	
  m	
  

alone	
   (compared	
   with	
   Fig.	
   1	
   and	
   Fig.2	
   of	
   the	
   main	
   article	
   where	
   the	
   respective	
  

correlation	
  accounts	
  for	
  ~60%	
  and	
  ~50%	
  of	
  the	
  variance	
  in	
  GFA)	
  

	
  

GFA	
  analysis	
  for	
  the	
  ternary	
  Pd-­‐Ni-­‐P	
  system	
  

	
  

	
   The	
   data	
   used	
   to	
   construct	
   Fig.	
   4	
   of	
   the	
   article	
   are	
   taken	
   from	
   several	
  

references	
   [22,27,28,36,37,86-­‐88].	
   For	
   the	
   ternary	
   alloys	
   (Pd1-­‐xNix)80P20,	
   Chen	
  

carried	
   out	
   extensive	
   creep	
   measurements	
   on	
   ribbon	
   samples	
   and	
   obtained	
  

viscosity	
  data	
  [22,36].	
  He	
  fit	
  the	
  data	
  using	
  the	
  VFT	
  equation	
  and	
  reported	
  values	
  for	
  

the	
  VFT	
  parameters	
  D,	
  T0,	
  and	
  η0	
  for	
  x	
  =	
  0.2,	
  0.4,	
  0.5,	
  and	
  0.8	
  [22].	
  These	
  parameters	
  

were	
  used	
  to	
  construct	
  	
  

	
  

full	
  viscosity	
  curves	
  to	
  determine	
  the	
  rheological	
  Tg	
  (η	
  =	
  1012	
  Pa-­‐	
  s)	
  for	
  each	
  x.	
  	
  The	
  

relationship	
  m	
  =	
  [(DT0Tg)/[ln(10)(T-­‐T0)2]T/Tg	
  =	
  1	
  is	
  then	
  employed	
  to	
  determine	
  m	
  for	
  

each	
  respective	
  x.	
  Chen	
  used	
  parabolic	
  fits	
  to	
  describe	
  the	
  composition	
  dependence	
  

of	
  VFT	
  parameters.	
  We	
   follow	
   this	
   approach	
   for	
   the	
   composition	
  dependence	
   and	
  

extrapolate	
  m	
  values	
   for	
   the	
  binary	
   alloy	
   endpoints.	
   The	
   composition	
  dependence	
  

obtained	
  for	
  m	
  is	
  shown	
  in	
  Supplementary	
  Fig.3.	
  

 The	
  Turnbull	
  parameter	
  is	
  obtained	
  from	
  the	
  rheological	
  Tg	
  and	
  the	
  liquidus	
  

temperature	
  TL	
  of	
  each	
  alloy.	
  Liquidus	
  data	
  were	
  taken	
  from	
  the	
  ASM	
  ternary	
  phase	
  

diagram	
   database	
   (vertical	
   sections	
   of	
   the	
   ternary	
   diagram)	
   [86]	
   and	
   the	
   binary	
  

diagrams	
  for	
  the	
  end	
  points	
  as	
  displayed	
  in	
  Supplementary	
  Fig.4.	
  Accurate	
  data	
  from	
  

ref.	
  [87]	
  is	
  included	
  for	
  the	
  equiatomic	
  alloy	
  at	
  x	
  =	
  0.5.	
  A	
  parabolic	
  fit	
  is	
  used	
  for	
  the	
  

x-­‐dependence	
  of	
  TL.	
  The	
   liquidus	
  values	
  vs.	
  x	
  are	
  taken	
  from	
  this	
   fit	
  and	
  combined	
  

with	
   the	
   rheological	
  Tg	
  values	
   to	
   determine	
   trg	
   vs.	
   x.	
   The	
   variation	
   of	
   trg	
   with	
   x	
   is	
  

shown	
  in	
  Supplementary	
  Fig.5.	
  The	
  filled	
  blue	
  diamonds	
  in	
  Fig.	
  4	
  of	
  the	
  main	
  article	
  

are	
  the	
  predicted	
  GFA	
  values	
  based	
  on	
  Eq.	
  (2)	
  using	
  the	
  respective	
  trg	
  and	
  m	
  values.	
  

The	
  solid	
  blue	
   line	
   is	
  a	
  parabolic	
   fit	
   to	
  the	
  predicted	
  values	
  of	
   log	
  (dmax2)	
   for	
  x	
  =	
  0,	
  

0.2,	
  0.4,	
  0.5,	
  0.8,	
  and	
  1.	
  The	
  filled	
  red	
  circles	
  in	
  the	
  figure	
  are	
  experimental	
  values	
  of	
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dmax2	
   for	
   the	
   binary	
   alloys	
   Pd80P20	
   and	
   Ni80P20	
   based	
   on	
   the	
   fact	
   that	
   amorphous	
  

ribbons	
  with	
  thickness	
  up	
  to	
  ~	
  40-­‐50	
  µm	
  are	
  reported	
  by	
  melt	
  spinning.	
  The	
  melt	
  

spun	
   ribbons	
   are	
   quenched	
   from	
   one	
   side.	
   Symmetry	
   implies	
   that	
   the	
   equivalent	
  

critical	
  plate	
   thickness	
   is	
   twice	
   the	
  ribbon	
   thickness.	
  A	
  rod	
  of	
  diameter	
  d	
  will	
   cool	
  

faster	
  that	
  a	
  plate	
  of	
  thickness	
  d	
  by	
  a	
  factor	
  of	
  ~2	
  thereby	
  giving	
  an	
  estimated	
  dmax	
  of	
  

about	
  140	
  µm	
  for	
  the	
  critical	
  rod	
  diameter	
  of	
  the	
  binary	
  alloys.	
  The	
  open	
  circles	
  are	
  

taken	
  from	
  the	
  GFA	
  data	
  of	
  Schwarz	
  [27,28]	
  and	
  that	
  of	
  Zeng	
  et.	
  al.	
   [88].	
   	
  Schwarz	
  

cast	
  a	
  fully	
  glass	
  rod	
  of	
  the	
  x	
  =	
  0.5	
  alloy	
  [28]	
  with	
  a	
  diameter	
  of	
  25	
  mm.	
  He	
  noted	
  that	
  

this	
  is	
  likely	
  not	
  the	
  upper	
  limit	
  of	
  dmax.	
  He	
  cast	
  10	
  mm	
  diameter	
  rods	
  of	
  the	
  entire	
  

series	
  and	
  determined	
  the	
  limits	
  of	
  x	
  for	
  obtaining	
  a	
  glass.	
  We	
  take	
  these	
  limiting	
  x	
  

values	
  to	
  indicate	
  a	
  dmax	
  of	
  10	
  mm	
  at	
  the	
  respective	
  x.	
  These	
  are	
  as	
  shown	
  as	
  open	
  

circles	
  in	
  Fig.	
  4	
  of	
  the	
  main	
  text.	
  The	
  final	
  experimental	
  GFA	
  value	
  is	
  taken	
  from	
  Zeng	
  

et.	
  al.	
  [88]	
  who	
  reported	
  dmax	
  ~	
  7mm	
  for	
  x	
  =	
  0.75.	
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