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Abstract 

 
The development of bulk metallic glasses as a prominent class of functional and structural materials has attracted 
considerable interest in the last years. One of the fundamental physical quantities necessary to describe the mechanical 
properties of the materials is the bulk modulus. In the present article, a simple method to estimate the bulk modulus and 
its pressure derivative is proposed. It is shown that these quantities can be estimated from the values of the constituent 
elements and their compositions. Comparison with measured data shows good agreement. The physical background of 
the method is discussed based on the jellium model of metals. 
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Introduction 

 

During the last decade, new multicomponent bulk amorphous alloys called bulk metallic glasses 

have been developed and studied intensively [1-7]. In contrast to the traditional amorphous metals, 

these new alloys have low critical cooling rates and fully amorphous samples with one side 

dimension as large as 1 cm can be produced by conventional processes. The bulk metallic glasses 

are characterized by the high thermal stability of their supercooled liquids, which permit the study 

of thermophysical properties in the supercooled liquid in addition to the amorphous solids [8, 9]. 

Bulk metallic glasses have many unique properties such as extra ordinary high strength, low 

ductility, high hardness and excellent corrosion resistance. 

   One of the fundamental physical quantities necessary to describe the mechanical properties of 

materials is the bulk modulus. For an efficient application of the physical properties of metallic 

glasses, a good understanding of this quantity is necessary. The development of theoretical 

methods to estimate the values of the bulk modulus is also necessary. The calculation of physical 

quantities through the use of traditional methods such as those based on electronic structure 

calculations could be accurate. However, it is technically too involved, time consuming and not 
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appropriate to study the general trend of the materials in a simple way. Therefore, it will be 

valuable to develop a method to estimate easily the physical quantities. In the present contribution, 

it is shown that the bulk modulus and its pressure derivative of the bulk metallic glasses can be 

estimated from the values of the constituent elements and their compositions. By comparing the 

estimated values with the measured ones, we show that the method is predictive. The physical 

background of the method is discussed based on the jellium model of metals. 

 

 

Estimation of bulk modulus and its pressure derivative 

 

The simplest way to calculate the physical quantity Y  of a complex system is 
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where iY  is the physical quantity of the constituent element i and ic  is its concentration. Here, 

we calculate for the cases of bulk modulus B  and its pressure derivative dPdB / . Values of B  

and dPdB /  for the elemental systems have been taken from the literature [10,11]. The 

comparison between the calculated and the measured data in bulk metallic glasses is shown in Fig. 

1. We can see that the calculated results are in good agreement with the experimental data [12]. 

   The result shown in Fig.1 indicates that the method is effective for the estimation of B  and 

dPdB /  of bulk metallic glasses. Therefore, we can predict easily these values. The predicted 

values of B  for some systems waiting for experimental verifications are shown in Fig.2. The 

numbers in the figure indicate the glasses given in Table 1. In Fig. 3, the predicted values of 

dPdB /  is shown. 

 

 

Discussion 

 

The agreement between the predicted and the measured values of B  and dPdB /  shown in Fig. 

1 is surprising, in view of the simplicity of the method of calculation. It should be mentioned here 

that Eq. (1) was also used to analyze the measured data of some bulk metallic glasses [12]. 

However, it has never been used to predict unmeasured quantities nor a physical interpretation has 

been given. The result given in Fig. 1 suggests that the essence of the metallic bonding operating 

in a complex real system such as bulk metallic glasses can be rationalized in terms of simple 
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models. In this section, the probable physical background of the method is discussed based on the 

jellium model of metals. 

   Calculations based on jellium model indicate that the material trend in the bulk modulus is 

determined essentially by the electron density [13]. We have used this notion to interpret our result.    

According to the jellium model, the energy of the interacting electron gas that incorporates the 

kinetic, exchange and correlation energies is written as [14,15] 
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where  represents the contribution from the correlation energy and n  is the electron number 

density. The correlation energy is always negative and at metallic densities, the value of   goes 

from 0.1 to 0.5 [15]. The bulk modulus and its pressure derivative are written as 
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The above equations indicate that the values of B  and dPdB /  are obtained if the electron 

number density parameter sr  is available. Concerning the values sr  for the elements, many 

researchers have reported their own values based on different degree of sophistication [16-19]. 

Although there are differences in the details, all the results show the same behavior and trend 

along the periodic table of the elements [19,20]. Based on this observation, we have calculated the 

values of sr  by using the formula [21] 
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where Ba  is the Bohr radius. A , z  and   are the mass, number of valence electrons and 

mass density per formula unit, respectively. Values of   have been taken from [12,22]. It should 

be remarked that the simple number of valence electrons counting method have been used 

successfully in the study of metallic glasses [23-25]. 

   The bulk modulus calculated as a function of sr  parameter is shown in Fig. 2 for three 

different values of the correlation energies. We can see that the magnitude of the bulk modulus 

decreases with the increase in the electron density parameter sr . We also recognize that, although 

the bulk modulus calculated by the jellium model follows the general trend, it overestimates the 

values of bulk modulus obtained from Eq. (1). The agreement between the two calculations 

increases if the magnitude of the bulk modulus calculated by the jellium model is multiplied by a 

certain factor. An example is shown in Fig. 2, when such a factor is 0.4 (the value of 3.0  

was used). The important point of this comparison is in to recognize the physical essence that is 

behind the results shown in Fig. 1. The proportionality and the trend shown in Fig. 2 indicate that 

the bulk modulus of bulk metallic glasses is determined essentially by the electron density 

analogously to the case of elementary metals [13,26,27]. As shown in Fig. 3, for the case of 

dPdB / , the values calculated from Eq. (1) is dispersed when plotted as a function of sr . 

However, we recognize that the majority of the data are distributed around 5/ dPdB . It is 

interesting to note that for elemental metals, the experimental values of dPdB /  are distributed in 

the range 65/ dPdB , irrespective the values of sr  [15]. From Fig. 3 we can also see that, in 

the range of sr  of interest, the calculated value of dPdB /  by the jellium model is almost 

constant. These observations reinforce once again the importance of the electron density in the 

mechanical properties of bulk metallic glasses. 

   Before the development of bulk metallic glasses, studying mechanical properties of 

amorphous metals was difficult, because most of the samples were obtained in the form of thin 

films. Reflecting this short history of research on bulk metallic glasses, there are only few 

measurements on the pressure dependence of the elastic properties. The data available [12] are 

shown in Fig. 1. There it has been also shown that the model given by Eq. (1) reproduces quite 

well the available experimental data. Further experimental studies are required to check the 

validity of Eq. (1). Such experimental studies will provide insights to understand better the 

physical background that is behind the result shown in Fig. 2. 

 

 

 

Conclusion 

 

Bulk modulus is an important quantity that characterizes the mechanical properties of the 
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materials. In the present article, it is shown that the bulk modulus and its pressure derivative of the 

bulk metallic glasses can be estimated from the values of the constituent elements and their 

compositions. It has been shown that the predicted values from the model are in good agreement 

with the experimental data. Some predictions waiting for experimental verifications have been 

also given. The physical background of the method has been discussed based on the jellium model 

of metals. It is suggested that the mechanical properties of bulk metallic glasses is determined 

essentially by the electron density analogously to the case of elementary metals. 

 

 

Acknowledgements 

 

This work was supported in part by a Grant-in-Aid for Scientific Research on Priority Area, 

“Materials Science of Metallic Glasses (428)” from the Ministry of Education, Culture, Sports, 

Science and Technology of Japan. The authors thank Mr. M.Ikeda for his support. 

 

 

References 

 

1. Inoue A, Ohtera K, Kita K, Masumoto T. New amorphous Mg-Ce-Ni alloys with high strength 

and good ductility. Jpn J Appl Phys. 1988;27:L2248-51. 

2. Peker A, Johnson WL. A highly processable metallic glass: Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 Appl 

Phys Lett. 1993;63:2342-4. 

3. Wang WH, Dong C, Shek CH. Bulk metallic glasses. Mater Sci Eng R. 2004;44:45-89. 

4. Miller M, Liaw P, editors. Bulk metallic glasses. Berlin: Springer; 2008. 

5. Takigawa Y, Kobata J, Chung SW, Tsuda H, Higashi K. Microstructural change by friction stir 

processing in Zr-Al-Cu-Ni bulk metallic glass. Mater Trans. 2007;48:1580-3. 

6. Révész Á. Crystallization kinetics and thermal stability of an amorphous Fe77C5B4Al2GaP9Si2 

bulk metallic glass. J Therm Anal Calorim. 2008;91:879-84. 

7. Savalia RT, Lad KN, Pratap A, Dey GK, Banerjee S. Study of formation of nano-quasicrystals 

and crystallization kinetics of Zr-Al-Ni-Cu metallic glass. J Therm Anal Calorim. 

2004;78:745-51. 

8. Kawamura Y, Inoue A. Newtonian viscosity of supercooled liquid in a Pd40Ni40P20 metallic 

glass. Appl Phys Lett. 2000;77:1114-6. 

9. Aniya M, Shinkawa T. A model for the fragility of metallic glass forming liquids. Mater Trans. 

2007;48:1793-6. 

10. Fang ZH, Chen LR. The search for a universal equation of state and the bulk modulus for 

solids. Phys Status Solidi (b). 1993;180:K5-10. 



 - 6 -

11. Gschneidner KA. Physical properties and interrelationships of metallic and semimetallic 

elements. In: Seitz F, Turnbull D, editors. Solid state physics 16. New York: Academic Press; 

1964. pp.275-426. 

12. Wang WH, Wen P, Wang LM, Zhang Y, Pan MX, ZhaoDQ, Wang RJ. Equation of state of 

bulk metallic glasses studied by an ultrasonic method. Appl Phys Lett. 2001;79:3947-9. 

13. Alonso JA, March NH. Electrons in metals and alloys. London: Academic Press; 1989. 

14. Raimes S. Many-electron theory. Amsterdam: North-Holand; 1972. 

15. Fernandez GE, Serebrinsky SA, Gervasoni JL, Abriata JP. Calculation of the pressure 

dependence of the bulk modulus using a jellium model. Intern J Hydrog Energy. 

2004;29:93-5. 

16. Moruzzi VL, Janak J, Williams AR. Calculated electronic properties of metals. New York: 

Pergamon; 1978. 

17. Rose JH, Shore HB. Uniform electron gas for transition metals: input parameters. Phys Rev B. 

1993;48:18254-6. 

18. Perrott F, Rasolt M. A new listing of the effective rs values for metals. J Phys Condens Matter. 

1994;6:1473-82. 

19. Serebrinsky SA, Gervasoni JL, Abriata JP, Ponce VH. Characterization of the electronic 

density of metals in terms of the bulk modulus. J Mater Sci. 1998;33:167-71. 

20. Wojciechowski KF. Electron density parameters. Mod Phys Lett B. 1998;12:685-91. 

21. Ashcroft NW, Mermin ND, Solid state physics. Philadelphia: Holt-Saunders; 1976. 

22. Novikov VN, Sokolov AP. Correlation of fragility and Poisson’s ratio: difference between 

metallic and nonmetallic glass formers. Phys Rev B. 2006;74:064203. 

23. Peng P, Liu R, Xie Q. A method for estimating total effective conducting electron numbers of 

amorphous TM-M alloys with high metalloid content. Mater Sci Eng B. 1996;41:258-60. 

24. Jiang Q, Chi BQ, Li JC. A valence electron concentration criterion for glass-formation ability 

of metallic liquids. Appl Phys Lett. 2003;82:2984-6, 

25. Figueroa IA, Betancourt I, Lara G, Verduzco JA. Effect of B, Si and Cr on the mechanical 

properties of Fe-based amorphous metallic ribbons. J Non-Cryst Solids. 2005;351:3075-80. 

26. Dobson BW. Universal scaling relations in compressibility of solids. Phys Rev B. 

1987;35:2619-25. 

27. Cho SA. Bulk electron concentration and average valence bond strength of elements. Trans 

Jpn Inst Met. 1981;22:643-52. 

 



 - 7 -

 
Table 1 Glasses shown in Figs. 2 and 3.  
 

No. Glasses 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

 18 * 

19 

20 

21 

22 

23 

 24* 

 25* 

 26* 

 27* 

La55Al25Ni5Cu10Co5 

Au55Cu25Si20 

Ce70Al10Ni10Cu10 

Cu46Zr42Al7Y5 

Cu60Zr20Hf10Ti10 

Fe53Cr15Mo14Er1C15B6 

Fe61Mn10Cr4Mo6Er1C15B6 

Mg65Cu25Gd10 

Nd60Al10Fe20Co10 

Ni40Cu5Ti17Zr28Al10 

Ni45Ti20Zr25Al10 

Ni60Nb35Sn5 

Pd40Cu30Ni10P20 

Pd60Fe20P20 

Pd64Ni16P20 

Pr60Cu20Ni10Al10 

Pt60Ni15P25 

Zr48Nb8Cu12Fe8Be24 

Zr55Al19Co19Cu7 

Zr57.5Cu15.4Ni12Al10Nb5 

Mg70Zn25Cu5 

Zr46.75Ti8.25Cu7.5Ni10Be27.5 

Mg65Cu25Tb10 

Zr41Ti14Cu12.5Ni10Be22.5 

Zr41Ti14Cu12.5Ni9Be22.5C1 

(Zr0.59Ti0.06Cu0.22Ni0.13)85.7Al14.3 

Pd39Ni10Cu30P21 
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Fig. 1 Comparison between the calculated and the measured data of bulk modulus (a) and its 

pressure derivative (b). The numbers indicate the following glasses: (1) Zr41Ti14Cu12.5Ni10Be22.5, 

(2) Zr41Ti14Cu12.5Ni9Be22.5C1, (3) Zr48Nb8Cu12Fe8Be24, (4) (Zr0.59Ti0.06Cu0.22Ni0.13)85.7Al14.3, (5) 

Pd39Ni10Cu30P21. The asterisks are used to avoid confusion with the glass number of Table 1. The 

numbers in (a) denote the values of the electron density parameter sr  in units of [au] = 

[0.53x10-10 m]. 
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Fig. 2 The predicted values of the bulk modulus B  (calculated by Eq. 1) are shown as a function 

of the electron density parameter sr . The numbers in the figure indicate the glasses given in Table 

1. 
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Fig. 3 The predicted values of the pressure derivative of the bulk modulus dPdB /  (calculated 

by Eq. 1) are shown as a function of the electron density parameter sr . The numbers in the figure 

indicate the glasses given in Table 1. To avoid congestion some glass numbers are not shown. 

 

 

 

 

 

 

 

 


