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Abstract. Amorphous metals, i.e. without defined crystal structure; are increasingly used in modern 
life, showing great potential as advanced engineering materials, due to some of its characteristic 
properties such as high hardness and moldability, high resilience, high mechanical strength and high 
wear resistance, among others. All these properties allow obtaining parts with complex shapes and 
high strength, which increases their chances for industrial application. However, many details of the 
mechanical behavior are still unknown, and the currently used models and theories are far from 
predictive. 
One of the possibilities to determine constitutive parameters, and thus study the response of these 
materials, is by using atomistic calculations. In this paper we present results obtained with molecular 
dynamics (MD) simulations, of an amorphous metal (CuZr). In particular, constitutive parameters 
such as elasticity modulus, are determined for samples at different temperatures and subjected to both 
tension and compression. The results obtained are relevant for understanding the mechanical behavior 
of the material, such as stress-strain and temperature-strain relationships. Additionally, it is possible to 
observe, under uniaxial tension, the nucleation and growth of a void due to high stress and strain rate 
values. 
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1 INTRODUCTION 

Solid materials without an ordered structure, i.e. amorphous, are generally called "glasses". 
Particular cases of great scientific and technological interest are metallic glasses, which are 
metallic alloys with mechanical properties that outperform the most common crystalline alloys 
(Luborsky, 1983; Greer, 1995). It is known that metals easily form crystals when cooled 
(Callister, 1995; Smith, 1996). However, using a sufficiently fast cooling rate and controlling 
the composition of the alloy it is possible to obtain amorphous structures (Liebermann, 1993), 
with the elasticity of polymers and the resistance of metals (Telford, 2004), also having high 
strength and moldability. All these properties enable the creation of parts with complex shapes 
and high resistance, which further increases their chances of industrial applications. Thanks to 
the above properties, these materials have received great interest as structural materials in 
recent years (Chen, 1974; Lowhaphandu et. al, 1999; Inoue, 2000, Wang et al., 2004, Ashby et 
al., 2006, Zhang et. al, 2007; Schuh et. al, 2007), including, for example, amorphous structural 
steels (Lu et al., 2004), biomedical materials (Zberg, 2009) or even aerospace materials 
(Peker, 1993), to name a few. 

Metallic glasses can generally be classified as conventional metallic glasses or bulk 
metallic glasses (BMG) (Wang et al., 2004, Miller et al., 2007). BMG have recently been 
employed as matrix phase in composite materials, thus improving the various original 
properties of the dispersed phase such as mechanical, magnetic properties, etc. (Telford, 2004; 
Lu, 2011). In the particular case of metallic glasses under plastic strain, with the appearance of 
shear bands, it is customary to address the problem through a focus on nanoscale behavior 
(Ogata, 2006, Guan, 2010), or through an approach using continuum mechanics (Malvern, 
1969). 

Molecular dynamics (MD) simulations are often used to study nanoscale properties (Allen 
and Tildesley, 1987). MD simulations are a very powerful technique that allows solving, using 
classical mechanics, problems with many bodies, given an interaction between atoms. One 
advantage of MD is that strain, stress, temperature, speed, etc. are all known in detail (Allen 
and Tildesley, 1987). From this information large number of phenomena can be studied, such 
as phase changes, heat transfer, creation and movement of dislocations, defects, etc.. MD is a 
very versatile tool for studying the properties of materials, and has even been used to predict 
mechanical behavior of materials prior to  experiments, as in the case of aluminum twinned 
nanocrystals (Chen et al., 2003). MD simulations reproduce the atomic motion and therefore 
employ time steps of 1 fs (Allen and Tildesley, 1987). If modeling a sample up to 10% strain 
during 1 million steps of 1 fs, the strain rate will be 108 /s, which is suitable for simulating 
deformation by high power lasers, but far from the majority of mechanical tests in 
laboratories. As a result, extrapolation to low strain rates has to be done carefully (Bringa et 
al., 2005). 

There are numerous molecular dynamics simulations of amorphous materials. The 
simulations of metallic glasses in particular have increased due to the presence of suitable 
interaction potentials for the CuZr system (Ogata, 2006; Arman, 2010; Guan, 2010). In this 
paper we present atomic-scale simulations of CuZr metallic glasses subjected to tension and 
compression, and analyze their response as a function of their temperature. 

 

2 SIMULATION DETAILS 

In this paper, simulations were carried out using the LAMMPS software (Plimpton, 1995), 
which is free and open source, has an excellent manual, and is computationally efficient in the 
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simulation of systems with large numbers of atoms. 
The Cu46Zr54 sample used is prismatic, with a total of about 160,000 atoms, obtained with 

a quenching rate of 1012 K/s, and it has already been described by Arman et al.(2010), in their 
study effect of shock waves in BMGs was studied. The experimental glass transition 
temperature (Tg) of this metallic glass is 696 K, and the experimental shear modulus (G) is 30 
GPa (Johnson, 2005). We include a simulation case at T=900 K, above Tg, to see if the 
mechanical behavior is significantly different. To describe the interactions between atoms, an 
embedded atom method (EAM) potential (Daw, 1984) is adopted, which has already been 
used in other BMGs studies (Shimizu, 2007; Cao, 2009; Cheng, 2009; Arman, 2010; Cheng, 
2011; Wang, 2012). 

We use 3D periodic boundary conditions, suitable for high strain rates (Bringa, 2005). All 
atomic coordinates are scaled every step, according to the desired strain rate, which in this 
case was 109 /s. Before starting mechanical strain simulations, we first perform energy 
minimization using conjugate gradient, and then use zero-pressure conditions and constant 
temperature to equilibrate the sample to the desired temperature T. Table 1 lists the volumes 
and initial sample densities for the different cases. 

 
Temperature 

[K] 
Volume   
[nm3] 

Density        
[g cm-3] 

10K 2909.15 7.1705 
300K 2931.93 7.1147 
600K 2959.54 7.0484 
900K 2992.30 6.9712 

Table 1: Initial volumes and densities at different simulated temperatures. 

3 RESULTS 

Below we present results for purely uniaxial strain, which is appropriate for the comparison 
with results of experiments at very high strain rates, where lateral strains can be neglected. 

Figure 1 (a) shows our results for von Mises stress versus strain at all the simulated 
temperatures. After the purely elastic deformation that occurs up to about 2% strain, there is a 
decrease in von Mises tension, suggestive of plasticity. In addition, due to the high strain rates 
and large stress, there is a void nucleation in the sample under tension, as shown in Figure 2, 
which leads to large stress fluctuations after about 15% strain. 
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Figure 1: Stress-strain curves at different temperatures. (a) Tension (b) Compression. In tension, there are huge 

stress fluctuations starting with void nucleation near 15% strain. 

 

Figure 2: Void nucleation in tension at temperature of 900 K. (a) ε = 0.137 (b) ε = 0.141 (c) ε = 0.145 (d) ε 
=0.149. Colors represent von Mises stress, red being high and blue low stress. Similar void nucleation is 

observed at lower temperatures. 

F. ARDIANI, A.A. MANELLI, C.J. RUESTES, C.A. CAREGLIO, E.M. BRINGA1440

Copyright © 2012 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



 

 

We calculate mechanical properties, and propose the following simple functional form as 
an approximation for the thermal behavior: 

 y =A1e
(-T/To) (1) 

where A1 and T0 are parameters. This functional form is often used for thermally activated 
phenomena. In Tables 2-3 we present the values for the coefficients of equation (1) obtained 
from the curves shown in Figures 3-6. It can be seen that the fits are reasonable. The 
correlation coefficient (R2) is greater than 0.9 in all cases, thus making our simple functional 
fit reasonable. Of course, further studies including many more temperature values are needed 
to truly test the fits.  

Tension Parameters Value R2 
Peak von Mises 

stress 
A1 2.312 ± 0.055 

0.989 
T0 1059.6 ± 68.8 

von Mises stress 
(ε=0.12) 

A1 2.23 ± 0.22 
0.935 

T0 509.4 ± 101.7 

Young Modulus 
A1 51.3 ± 2.6 

0.928 
T0 1419.5 ± 239.0 

Yield Stress 
A 0.0604 ± 0.004 

0.952 
B -0.041 ± 0.005 

Table 2: Fit coefficients for tension. 

Compression Parameters Value R2 
Peak von Mises 

stress 
A1 3.77 ± 0.23 

0.931 
T0 804.3 ± 144.2 

von Mises stress 
(ε=0.18) 

A1 2.58 ± 0.22 
0.915 

T0 863.6 ± 166.6 

Young Modulus 
A1 52.14 ± 1.61 

0.972 
T0 1437.7 ± 146.8 

Yield Stress 
A 0.123 ± 0.01 

0.930 
B -0.081 ± 0.013 

Table 3: Fit coefficients for compression. 

As expected, the elastic modulus, peak von Mises stress and yield stress, all decrease with 
increasing temperature. We obtained a smooth behavior even when T is above Tg, as seen in 
Figures 3-6. 
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Figure 3: Young modulus variation with temperature. 

 
Figure 4: Peak von Mises stress variation with temperature. 
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Figure 5: von Mises stress variation with temperature. The lower strain used in tension is to avoid stress 

fluctuations due to void nucleation.  

Cheng et al. (2011) attempted to describe the behavior of the onset of plasticity under pure 
shear, as a function of several variables, including temperature, based on a CSM (cooperative 
shear model). The resulting temperature dependence was (T/Tg)2/3, and we try to apply this 
behavior to our results. Simplifying the expression in Cheng et al. (2011), we obtain the 
following expression: 

 σy/G =A+B(T/Tg)
2/3 (2) 

where σy is the yielding stress, while A and B are parameters of the fit. To obtain the yield 
stress in our simulations we assume that plasticity starts when the stress-strain curve departs 
20% from the linear elastic behavior extrapolated from very low strains (below ε=1%). In 
Tables 2-3 we present the values for the coefficients of equation (2) obtained for the curves 
shown in Figure 6. In this figure we compare the fittings for tension and compression with the 
result from Johnson and Samwer (2005), who obtained, for experiments under pure shear 
deformation the following expression: 

 τy/G =0.036-0.016(T/Tg)
0.62 (3) 

where τy is the shear yield strength .We observe that equation (2) fits both uniaxial tension and 
compression quite well. There are discrepancies with the experimental fit from equation (3), 
but we note that the coefficients in that fit had large error bars, and data showed large 
dispersion. For instance, the exponent was 0.62 ± 0.2. 
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Figure 6: Yield Stress variation with temperature. We use the experimental values of Tg and G from experiments 
(Johnson and Samwer, 2005) to normalize our results. 

Figure 7 shows atomic von Mises stress for the complete sample in the case of tension at 
T=300K. Despite the evidence of plastic behavior in stress-strain curves, we do not observe 
evidence of shear bands. According to a recent study in metallic glass nanowires (Xiao et al., 
2012), the presence of shear bands strongly depends on the quenching rate of the glass. In this 
case, for the quenching rates used in the creation of our sample, shear bands should not be 
observed, as shown in Figure 7. 

 

Figure 7: View of our  sample, at ε=6%, under uniaxial tension, at T=300 K. Colors represent von Mises stress, 
red being high and blue low stress. The stress scale ranges from 100 GPa to 280 GPa. No shear bands are 
observed. Visualization made with VMD (Humphrey et al., 1996). Similar results are found at the other 

simulated temperatures. 
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When the metallic glass deforms under uniaxial compression we can observe a similar 
behavior in the stress-strain curves shown in Figure 1 (b) to the curves corresponding to 
tension in Figure 1 (a), for strains below 15%. However, since there is no void nucleation 
above 15%, the behavior of the curves is smooth even at very high strains. 

Figures 3-6 show the same type of fit that the one used for tension, and there is also a 
reasonable adjustment, even with the simple functional form shown in equation (1). 

Figure 8 shows that, similarly to the sample under tension, no shear bands are observed, as 
expected given the high quenching rate of the glass used here. 

 

Figure 8: View of our sample, at ε=6%, under uniaxial compression, at T=300 K. Colors represent von Mises 
stress, red being high and blue low stress. The stress scale ranges from 100 GPa to 400 GPa. No shear bands 

observed. Visualization made with VMD (Humphrey et al., 1996). Similar results are found at the other 
simulated temperatures. 

3.1 Tension-compression asymmetry 

To highlight the differences between tension and compression, Figure 9 shows that elastic 
modulus are almost equivalent under tension or compression, but that the maximum values of 
the von Mises stress have great differences, except at very high temperature (above Tg). 
Tension-compression asymmetries are expected in amorphous materials, which have a yield 
surface that follow a Mohr-Coulomb law (Schu et. al, 2003). 
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Figure 9: Percentage difference (between compression and tension values, assuming tension values as basis) 

of Young modulus and peak von Mises stress. Lines are just for visualization. 

3.2 Simulation of the sample with free boundary conditions. 

To verify that the absence of shear bands is not due to periodic conditions during 
deformation, simulations were carried out with free lateral boundary conditions, as shown in 
Figure 10. Under tension there is a slight decrease in the cross section of the sample, as 
expected. This is shown in Figure 11. We can also observe that the shape of the cross section 
has changed from rectangular to elliptical, due to surface energy minimization. 

These simulations are similar to those of metallic glass nanowires seen in Xiao et al.(2012). 
Under compression, buckling is observed. In both cases there is a lack of shear bands, as 
expected with the cooling rates used in our samples. 
 
 (a)      (b) 

 

 

 

 

 

 

Figure 10: Compression (a) and tension (b) simulations using free boundaries conditions. In both cases ε=0.20 . 
In sample under uniaxial tension T=900K, and T=300K for the case of uniaxial compression. Necking is not 

observed, possibly because we are above Tg in this simulation. 
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Figure 11: Cross section at different distances along the z axis, for the simulation showed in Figure 10. (a) 
Section close to the extreme. (b) Middle section. There is no appreciable necking of the sample, even at this large 

strain. 

4 CONCLUSIONS 

Atomistic simulations of bulk metallic glasses (BMGs) mechanical behavior under tension 
and compression were performed using molecular dynamics (MD) simulations. The increase 
of sample temperature produces a considerable decrease of the samples elastic modulus. The 
same applies to maximum von Mises stress. It is observed that the elastic modules are 
practically the same under tension or compression at different temperatures, but the maximum 
stress in compression is much higher. The behavior with temperature can be adjusted 
reasonably well with an exponential decay with temperature, typical of thermal activated 
phenomena. 

No shear bands are observed, which is to be expected given that our glass was generated 
with very high quenching rates. Since no shear bands are observed in our simulations, the 
identification of plasticity is complex. Surely there are shear areas, "shear transformation 
zones" (STZ), composed of a few atoms that experience high shear stresses. The identification 
of these areas requires a very detailed observation of the sample, involving much longer 
simulations than those used here. An alternative to study plasticity is the examination of 
Voronoi polyhedra, which can help to identify these areas. Such studies are in progress. 

In the future, using more powerful computational resources than available for this work, we 
plan to create samples with quenching rates orders of magnitude slower, with the aim to 
observe the possible formation of shear bands. 

A detailed understanding of the influence of temperature, quenching rates, etc., in the 
mechanical properties of metallic glasses will allow obtaining necessary properties for their 
application in new technologies, including applications under extreme conditions, such as 
aerospace missions or materials in nuclear reactors. Studies like the one presented here will 
contribute to this understanding and accelerate novel material development.  

5 ACKNOWLEDGEMENTS 

We thank Dr. S. Luo, from Los Alamos National Laboratory, for providing us with the 

Mecánica Computacional Vol XXXI, págs. 1437-1449 (2012) 1447

Copyright © 2012 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



 

 

amorphous glass sample and the tables of the interaction potentials for these simulations. We 
also thank M. Falk, C. Maloney and A.M. Furlani for useful discussions. These simulations 
were financed by the project "06/B235 Study of amorphous materials” SeCTyP, U.N.Cuyo. 
Eduardo M. Bringa thanks PICT2009-1325 for support. 

6 REFERENCES 

Allen M.P. and Tildesley D.J., Computer simulation of liquids. Oxford University Press, 
1987. 

Arman B., Luo S.-N., Germann T.C. and Cağin T., Dynamic response of Cu46Zr54 metallic 
glass to high-strain-rate shock loading: Plasticity, spall, and atomic-level structures. Phys. 
Rev. B., 81, 144201, 2010. 
Ashby M.F. and Greer A.L., Metallic Glasses as structural materials, Scripta Materialia., 

54:321-326, 2006. 
Bringa E.M. et al., Ultrahigh strength in nanocrystalline materials under shock loading. 

Science, 309:1838-1841, 2005. 
Callister W., Introduction to Materials Science and Engineering, volume 1. Reverté, 1995. 
Cao A.J., Cheng Y.Q. and Ma E., Structural processes that initiate shear localization in 

metallic glass. Acta Mater., 57:5146-5155, 2009. 
Chen M.W., Ma E., Hemker K.J., Sheng H. and Cheng X., Deformation twinning in 

nanocrystalline aluminium. Science, 300:1275-1277, 2003. 
Chen H., Thermodynamic considerations on the formation and stability of metallic glasses. 

Acta Metallurgica, 22(12):1505-1511, 1974. 
Cheng Y.Q., Ma E. and Sheng H.W., Atomic level structure in multicomponent bulk metallic 

glass. Phys. Rev. Letters, 102, 245501, 2009. 
Cheng Y.Q. and Ma E., Intrinsic shear strength of metallic glass. Acta Mater., 59:1800-1807, 

2011. 
Daw M. and Baskes M.I., Embedded-atom method: Derivation and application to impurities, 

surfaces, and other defects in metals. Phys. Rev. B., 29:6443-6453, 1984. 
Guan P., Stress-Temperature Scaling for Steady-State Flow in Metallic Glasses. Phys. Rev. 

Lett., 104, 205701, 2010. 
Greer A.L., Metallic glasses. Science, 267:1947-1953, 1995. 
Humphrey W., Dalke A. and Schulten K., VMD - Visual Molecular Dynamics. J. Molec. 

Graphics, 14:33-38, 1996. Site: http://www.ks.uiuc.edu/Research/vmd/. 
Inoue A., Stabilization of metallic supercooled liquid and bulk amorphous alloys. Acta 

Materialia 48(1):279-306, 2000. 
Johnson W.L., Samwer K., A universal criterion for plastic yielding of metallic glasses with a 

(T/Tg)
2/3 temperature dependence. Phys. Rev. Lett. 95, 195501, 2005. 

Liebermann H., Rapidly Solidified Alloys, Marcel Dekker, Inc, New York, 1993. 
Lowhaphandu P., Montgomery S. and Lewandowski J., Effects of superimposed hydrostatic 

pressure on flow and fracture of a Zr-Ti-Ni-Cu-Be bulk amorphous alloy. Scripta 
Materialia, 41(1):19-24, 1999. 

Lu Z., Liu C., Thompson J. and Porter W., Structural amorphous steels. Physical Review 
Letters, 92(24), 245503, 2004. 

Lu S., Introduction to bulk metallic glass composite and its recent applications, ArXiv 
eprints. Available in: http://adsabs.harvard.edu/abs/2011arXiv1102.5758L, 2011. 

Luborsky F., Amorphous metallic alloys, Butterworth and Co. Ltd., 1983. 
Malvern L., Introduction to the mechanics of a continuous medium. Prentice-Hall, 1969. 

F. ARDIANI, A.A. MANELLI, C.J. RUESTES, C.A. CAREGLIO, E.M. BRINGA1448

Copyright © 2012 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar



 

 

Miller M. and Liaw P., Bulk metallic glasses: an overview. Springer Verlag, 2007. 
Ogata S. et al., Atomistic simulation of shear localization in Cu–Zr bulk metallic glass. 

Intermetallics, 14:1033-1037, 2006. 
Peker A. and Johnson W., A highly processable metallic glass: Zr 41.2Ti13.8Cu12.5Ni10.0Be22.5. 

Applied Physics Letters, (USA) 63(17):2342-2344, 1993. 
Plimpton S., Fast parallel algorithms for short-range molecular dynamics. J Comp Phys, 

117:1-19, 1995. Site: http://lammps.sandia.gov. 
Schuh C.A., Lund A.C. et al., Atomistic basis for the plastic yield criterion of metallic glass. 

Nature materials. 2(7):449-452, 2003.  
Schuh C., Hufnagel T. and Ramamurty U., Mechanical behavior of amorphous alloys. Acta 

Materialia, 55(12):4067-4109, 2007. 
Shimizu F., Ogata S. and Li J., Theory of shear banding in metallic glasses and molecular 

dynamics calculations. Materials Transactions, 48(11):2923-2927, 2007. 
Smith W., Foundations of Material Science and Engineering, McGraw-Hill, 1996. 
Telford M., The case for bulk metallic glass. Materials Today, 7(3):36-43, 2004. 
Wang C.C. and Wong C.H., Different icosahedra in metallic glasses: stability and response to 

shear transformation. Scripta Materialia, 66:610-613, 2012. 
Wang W., Dong C. and Shek C., Bulk metallic glasses. Materials Science and Engineering 

Reports, 44(2-3):45-89, 2004. 
Xiao Q., Sheng H.W. and Shi Y., Dominant shear band observed in an amorphous ZrCuAl 

nanowires under simulated compression. MRS Communications, 2:13-16, 2012. 
Zberg B., Uggowitzer P. and Löffler J., MgZnCa glasses without clinically observable 

hydrogen evolution for biodegradable implants. Nature Materials, 8(11):887-891, 2009. 
Zhang Z., Wu F., He G. and Eckert J., Mechanical properties, damage and fracture 

mechanisms of bulk metallic glass materials. Journal of Materials Science and Technology, 
23(6):747-767, 2007. 

Mecánica Computacional Vol XXXI, págs. 1437-1449 (2012) 1449

Copyright © 2012 Asociación Argentina de Mecánica Computacional http://www.amcaonline.org.ar


