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It has been confirmed that glass-forming ability �GFA� is related to not only liquid phase stability
but also the crystallization resistance. In this study, it was found the liquidus temperature Tl and
supercooled liquid region Tx−Tg could reflect the stability of glass-forming liquids at the
equilibrium and undercooled state, respectively, while the onset crystallization temperature Tx could
indicate the crystallization resistance during glass formation. Thus, a modified � parameter, defined
as �m= �2Tx -Tg� /Tl, has been established. This parameter shows an excellent correlation with the
GFA of bulk metallic glasses, with the statistical correlation factor of R2=0.931. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2718286�

Glass forming ability �GFA�, as related to the ease of
vitrification, is vital for understanding the origin of glass
formation and is important for designing and developing new
bulk metallic glasses �BMGs�. Scientific efforts for searching
proper GFA measure for metallic glasses have been initiated
immediately after the first reported Au-Si metallic glass.1 As
a result, many GFA parameters or criteria have been pro-
posed to reflect the relative GFA among BMGs on the basis
of different calculation methods.2–21 Based on the nature
of glass formation, coupled with physical metallurgy consid-
erations, Lu and Liu2–4 have recently proposed a simple
GFA parameter �=Tx / �Tg+Tl�, which has been confirmed to
have a better correlation with GFA than all other GFA
indicators.22–24

Following the previous argument by Lu and Liu,2–4 glass
formation always involves a competing process between the
liquid and the resulting crystalline solid phases. Thus, GFA
has to include two key components: the liquid phase stability
and the resistance to crystallization. The liquid phase stabil-
ity should also contain two aspects: the stability of the liquid
at the equilibrium state and at the supercooled state. It has
long been recognized that the GFA of metallic glasses is
inversely related to the liquidus temperature Tl which actu-
ally reveals, to what degree, the equilibrium liquid can exist
against the solidification.25–27 Therefore, the lqiuidus tem-
perature Tl can be used to indicate the relative stability of
stable glass-forming liquids; the lower Tl the larger stability

of the liquid �i.e., the liquid can remain stable to a lower
temperature with no formation of any solid phases�. As such,
the correlation between the GFA of metallic glasses and Tl

can be expressed as follows:

GFA �
1

Tl
. �1�

Meantime, a liquid that manages to get below Tl without
crystallizing is called a supercooled liquid. As a supercooled
liquid is cooled to a lower temperature, the viscosity in-
creases and the atomic clusters move more and more slug-
gishly. As the temperature is lowered to a certain value, the
time scale for atomic cluster rearrangements becomes hope-
lessly long compared to that of the experimental observa-
tions. The structure of this material is “frozen” for practical
purposes and the glass formation takes place. It is important
to emphasize that the glass transition is a kinetic event which
depends upon the crossing of an experimental time scale and
the time scales for atomic cluster rearrangements. It is well
known that the supercooled liquid region �Tx= �Tx−Tg� de-
termined upon devitrification is a quantitative measure of the
stability of the supercooled liquid. A large �Tx value may
indicate that the undercooled liquid can remain stable in a
wide temperature range without crystallization, thus leading
to a larger GFA of the alloy. This speculation has been well
confirmed in several glass-forming alloy systems in which
the supercooled liquid region correlate reasonably well with
the GFA of alloys,28–30 as expressed as follows:

GFA � �Tx − Tg� . �2�a�Electronic mail: jacobc@mail.nsysu.edu.tw
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It is to be noticed that, under no circumstance, the GFA
of alloys can be attributed to the liquid phase stability alone.
The crystallization resistance of glass-forming liquids must
be considered as far as the GFA is concerned. The crystalli-
zation resistance is determined by the mechanism of crystal-
lization involving crystal nucleation and growth. In general,
complex crystal structure and crystallization reactions requir-
ing long-range diffusion would leads to a high crystallization
resistance. As elaborated previously, the onset crystallization
temperature Tx could be used to roughly compare the crys-
tallization resistance during glass formation for metallic liq-
uids, although in some compositions the decisive competing
solid phase during cooling might be different from that on
devitrification.31 The larger Tx value suggests a higher crys-
tallization resistance �i.e., the larger GFA�. Thus, the
relationship between the GFA and Tx can be described as
follows:

GFA � Tx. �3�

As discussed earlier, the overall liquid phase stability is
positively related to the quantity of �Tx−Tg� /Tl while the
crystallization resistance is proportional to Tx. Combing Eqs.
�1�–�3�, one can simply define a modified parameter �m,

�m =
2Tx − Tg

Tl
. �4�

In order to compare the efficiency of the currently pro-
posed GFA criteria �m with previous parameters such as
��=Tg /Tx+Tl�, ��=Tx /Tl�, �Tx, Trg, Tx / �Tl−Tg�, and
�Tx−Tg� / �Tl−Tg�, they are all plotted against the Rc, the
critical cooling rate for glass formation, for a variety of me-
tallic glasses in the literature.2,3 Figure 1 shows the relation-
ship between �m and Rc. An excellent linear relation of Rc is
clearly observed. A linear regression analysis shows that the
relation between Rc with �m can be expressed as

log Rc = 14.99 − 19.441�m. �5�

From the regression analysis of the plots between the
various GFA criteria and Rc, the statistical correlation factor,
R2, has been evaluated. The R2 value can give an idea of the

effectiveness and consistency of different GFA parameters.
The higher the R2 value, the better is the correlation between
the proposed GFA parameter and Rc. Table I compares the R2

values for Rc with various GFA parameters. It is evident from
Table I that the newly proposed �m gives an R2 value of
0.931 with Rc, which is the highest among all the GFA
criteria.

In summary, a GFA parameter �m, defined as �2Tx

−Tg� /Tl, is proposed in the present study. The �m parameter
also reflects the effects of Tg, Tx, and Tl which are basically
measured upon devitrification of glassy samples, the same as
the previous � parameter. However, the present result shows
that the �m parameter exhibits the best correlation with GFA
among all parameters suggested so far. This is because the
current indicator correctly considers all related factors for the
liquid phase stability and the crystallization resistance during
glass formation. Since the �m parameter can be calculated
simply by data on Tg, Tx, and Tl, the current parameter is a
simple and user-friendly indicator.

X.H.D. and J.C.H. are sponsored by National Science
Council of Taiwan, Republic of China, under Project No.
NSC 95–2218-E-110–006. C.T.L. and Z.P.L. are grateful to
the financial support from the Division of Materials Science
and Engineering, Office of Basic Energy, U. S. Department
of Energy under Contract No. DE-AC05–00OR22725 with
UT-Battelle, LLC.

1M. H. Cohen and D. Turnbull, Nature �London� 189, 132 �1961�.
2Z. P. Lu and C. T. Liu, Acta Mater. 50, 3501 �2002�.
3Z. P. Lu and C. T. Liu, Phys. Rev. Lett. 91, 115505 �2003�.
4Z. P. Lu and C. T. Liu, Intermetallics 12, 1035 �2004�.
5K. Mondal and B. S. Murty, J. Non-Cryst. Solids 351, 1366 �2005�.
6S. Fang, X. Xiao, L. Xia, Q. Wang, W. Li, and Y. D. Dong, Intermetallics
12, 1069 �2004�.

7O. N. Senkov, D. B. Miracle, and J. M. Mullens, J. Appl. Phys. 97, 103502
�2005�.

8X. F. Zhang, Y. M. Wang, J. B. Qiang, Q. Wang, and D. J. Li, Intermetal-
lics 12, 1275 �2004�.

9X. S. Xiao, S. S. Fang, G. M. Wang, Q. Hua, and Y. D. Dong, J. Alloys
Compd. 376, 145 �2004�.

10N. Nishiyama and A. Inoue, Mater. Trans. 43, 1913 �2002�.
11J. H. Kim, J. S. Park, H. K. Lim, and D. H. Kim, J. Non-Cryst. Solids 351,

1433 �2005�.
12Q. J. Chen, J. Shen, H. B. Fan, and D. G. Mccartney, Chin. Phys. Lett. 22,

1736 �2005�.
13M. X. Xia, H. X. Zheng, J. Liu, C. L. Ma, and J. G. Li, J. Non-Cryst.

Solids 351, 3747 �2005�.
14A. H. Cai, G. X. Sun, and Y. Pan, Mater. Des. 27,479 �2006�.
15Y. Wang, X. Zhang, J. Qiang, Q. Wang, D. Wang, D. Li, C. H. Shek, and

C. Dong, Scr. Mater. 50, 829 �2004�.
16E. S. Park, D. H. Kim, and W. T. Kim, Appl. Phys. Lett. 86, 061907

�2005�.
17E. S. Park and D. H. Kim, Appl. Phys. Lett. 86, 201912 �2005�.
18Q. G. Meng, J. K. Zhou, H. X. Zheng, and J. G. Li, Scr. Mater. 54, 777

�2006�.
19H. Tanaka, J. Non-Cryst. Solids 351, 678 �2005�.

FIG. 1. The correlation between the critical cooling rate and the parameter
�m for metallic glasses. Data were taken from Refs. 2 and 3.

TABLE I. Comparison between different GFA parameters using the data in
Refs. 2 and 3.

GFA criteria �m � � �Tx Trg Tx �Tl−Tg Tx−Tg �Tl−Tg

R2 0.931 0.91 0.88 0.32 0.73 0.72 0.69

086108-2 Du et al. J. Appl. Phys. 101, 086108 �2007�

Downloaded 26 Apr 2007 to 140.117.53.150. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



20A. H. Cai, Y. Pan, and G. X. Sun, Opt. Appl. 21, 1222 �2005�.
21X. F. Bian, B. A. Sun, L. N. Hu, and Y. B. Jia, Phys. Lett. A 335, 61

�2005�.
22Z. P. Lu, H. Bei, and C. T. Liu, Intermetallics �in press�.
23B. Zhang, M. X. Pan, D. Q. Zhao, and W. H. Wang, Appl. Phys. Lett. 85,

61 �2004�.
24M. L. F. Nascimento, L. A. Souza, and E. D. Zanotto, J. Non-Cryst. Solids

351, 3296 �2005�.
25Z. P. Lu, X. Hu, Y. Li, and S. C. Ng, Mater. Sci. Eng., A 304–306, 679

�2001�.
26I. W. Donald and H. A. Davies, J. Non-Cryst. Solids 30, 77 �1978�.
27M. Marcus and T. Turnbull, Mater. Sci. Eng. 23, 211 �1976�.
28A. Inoue, T. Zhang, and T. Masumoto, J. Non-Cryst. Solids 156–158, 473

�1993�.
29Y. Li, S. C. Ng, C. K. Ong, H. H. Hng, and T. T. Goh, Scr. Mater. 36, 783

�1997�.
30A. Inoue, Mater. Trans., JIM 36, 866 �1995�.
31Z. P. Lu, C. T. Liu, H. Tan, and Y. Li �unpublished�.

086108-3 Du et al. J. Appl. Phys. 101, 086108 �2007�

Downloaded 26 Apr 2007 to 140.117.53.150. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


