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1. Introduction
Bulk metallic glasses (BMGs) have shown excellent 

mechanical properties,including high strength, large elastic 
strain limit, which makes them ideal for structural and 
functional applications1-3. However, their poor ductility at 
room temperature has significantly limited their application 
as a potential engineering material4-6. In order to improve the 
plasticity of the BMGs, the mechanisms of deformation and 
fracture have been deeply investigated via both experimental 
and theoretical approaches. The mechanisms of deformation, 
damage and failure of amorphous solids can be effectively 
studied by the Numerical simulation method7,8. Brest et al.7 
explored plasticity mechanisms in Zr-based BMGs by means 
of the diametral compression test and numerical simulation. 
Distribution of stress and state of equivalent strain in  
Zr-based BMGs during the compression process were presented. 
Go  et  al.9 analyzed the stress distribution of laminated 
BMG/metal composites via computer simulation using the 
ABACUS program during a uni-axial fracture. Zhang et al.10 
researched structural anisotropy in Cu-based BMGs under 
uni-axial compression by molecular dynamics simulations. 
Kim et  al.11 discussed a stress-overshoot phenomenon in 
a Pd-based BMGs via finite element analysis under uni-
axial compression. However, until now, considerably less 
simulation has been performed for the deformation and 
fracture in Ni-based BMGs samples with different diameters 
at room temperature.

In this paper, on the basis of compression tests, 
the compressive deformation and fracture behaviors of 
Ni42Ti20Zr21.5Al8Cu5Si3.5 BMG specimens with diameters of 
1 mm and 3 mm were simulated using ABAQUS software. 
Mises stress distribution, equivalent plasticity strain, and 
stress-strain curves of the compressed Ni-based BMG rods 
were analyzed. Compared with the measurements, the 

deformation and fracture behaviors of the Ni-based BMG 
samples with different dimensions were discussed based on 
the numerical results.

2. Experimental and Numerical Procedure
After the Ni42Ti20Zr21.5Al8Cu5Si3.5(at%)alloy was arc-

melted,the material was prepared in the form of 1mm and 3mm 
diameter cylindrical rods, respectively. The 1mm diameter 
and 2mm long rods, and 3mm diameter and 6mm long rods 
were used for computer simulation and compression tests. 
The compression fracture surface features were observed by 
scanning electron microscope(SEM) and are given in Figure 1.

The explicit finite element calculation software, ABAQUS/
Explicit, was employed for the simulation of compression 
deformation and fracture of the Ni-based BMG samples. 
The finite element model of an amorphous cylindrical 
rod with 1mm diameter is depicted in Figure 2. The size 
of mesh in the element model was 0.05mm×0.05mm and 
0.1mm×0.1mm for the 1mm and 3mm sample, respectively. 
Thus, there were 16560 and 49680 meshes in the 1mm and 
3mm model, respectively. The selected element type was an 
8-node linear brick, of reduced-integration elements (C3D8R).
In the finite element model, the platen was simplified as a 
rigid body. General contact was defined between the platen 
and the specimen, and the tangential friction coefficient was 
assumed to be 0.1.The boundary condition for the bottom 
platen was fixed. The displacement load was applied on 
the top platen along the 3- axis direction with the other 
degrees of freedom fixed. In the compression test, the 
amorphous Ni42Ti20Zr21.5Al8Cu5Si3 cylindrical rod suffered 
damage. Therefore, in order to gain a further insight into the 
evolutionary process of the damage to the Ni-based BMG 
sample, a shear damage model built in the standard model 
library of ABAQUS software was used12.The Shear damage 
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initiation criterion12 is a model for predicting the onset of 
damage due to shear band localization. The model assumes 
that the equivalent plastic strain at the onset of damage is a 
function of the shear stress ratio and strain rate. The properties 
of the present material, elastic modulus(GPa), Poisson ration, 
density (g/cm3) and fracture strength (MPa) for different 
Ni-based BMG rods are listed in Table 1.

3. Results and Discussion
The computational simulation offers the possibility to 

observe the stress field. Figure 3 shows the stress distribution 
of a 1mm sample in the compressive deformation and fracture 
process at different strains. The stress indicator is shown on 
the right side of each figure in order to indicate the stress upon 
deformation and fracture. Since the fracture strength of the 
1mm sample was identified as 4600MPa, the highest stress 
that 1mm sample fractured was indicated at 4600MPa. Mises 
stress was distributed uniformly on the surface of sample 
at a compressive strain of 11.62% (Figure 3a). However, 
when the compressive strain was 12.25%, shear damage 
occurred in the middle zone of the sample, resulting in the 
degradation of material properties and reduction of local stress 
(Figure 3b). Shear damage evolved along a 45 degree angle 
from the cylinder axis with a compressive strain of 12.53%, 
and the Mises stress decreased distinctly (Figure 3c). When 
the compressive strain was 12.6%, Mises stress decreased 
dramatically, the fracture happened along a 45 degree angle 
from the cylinder axis, and the load-carrying capacity of 
the sample was lowered radically, as shown in Figure 3d.

The equivalent plastic strain maps of the 1mm sample 
in the compressive deformation and fracture process at 
different strains are given in Figure 4. Material damage took 
place in the middle region, and the equivalent plastic strain 
was large in that region at a compressive strain of 11.62% 
(Figure 4a). When the compressive strain increased from 
12.25% to 12.53%, the equivalent plastic strain augmented 
markedly in the direction of 45° angle to the cylinder axis 
(Figure  4b,c). When the strain was 12.6%, the material 
properties deteriorated sharply, and the element was removed 
from the mesh due to larger compressive deformation. 
The fracture happened and the equivalent strain increased 
drastically in a narrow shear band. It should be noted that 
the main crack developed along 45° angle to the cylinder 
axis (Figure 4d).

Figure 5 shows the stress distribution of the 3mm sample 
in the compressive deformation and fracture process at 
different strains. Since the fracture strength of 3mm sample 
was identified as 2650MPa, the highest stress that 3mm 
sample fractured at was indicated to be 2650MPa. When 
the compressive strain increased from 3.81% to 3.82%, the 
stresses on the two ends of the sample were large due to 
stress concentration, and the stress in the middle region was 
distributed uniformly (Figure 5a-b). However, shear damage 
occurred in the middle zone of the sample (Figure 5c), and 
both load bearing capacity and local stress of materials were 
significantly reduced at a compressive strain of 3.83%.The 
materials fractured along 45 angle degree to the cylinder 
axis at a compressive strain of 3.84%, and Mises stress 
decreased sharply (Figure 5d).

Figure 1. The compressive fracture surface of BMG rods with 
diameters of 1 mm (a) and 3 mm (b).

Figure 2. The finite element model of the Ni-based BMG rod with 
a diameter of 1mm.

Table 1. The materials constant used for ABAQUS program.

Sample 
diameters

Young’s 
modulus
E(GPa)

Possion’s
Ration, V

Density,
ρ(g/cm3)

Fracture 
stress

σ (MPa)
1mm 68 0.39 7.8 4600
3mm 76 0.38 7.65 2631

Figure 3. The stress distribution of 1mm sample at different 
compressive strains, a) 11.62%, b) 12.25%, c) 12.53% and d) 12.6%.
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The equivalent plastic strain maps of 3mm sample in the 
compressive deformation and fracture process at different 
strains are given in Figure 6. When the compressive strain 
increased from 3.81% to 3.82%, plastic deformation occurred 
on both ends of the sample, and the materials in the middle 
region displayed linear elastic behavior (Figure  6a-b). 
However, the equivalent plastic strain increased distinctly 
along 45° angle to the cylinder axis at a compressive strain of 
3.83% (Figure 6c). When the strain was 3.84%, the material 
fracture happened in the direction of 45° angle to the cylinder 
axis, and the equivalent strain increased drastically in one 
narrow shear band (Figure 6d).

It can be demonstrated that the equivalent plastic strain 
of 1mm specimen is much larger than that of 3mm sample. 
The equivalent plastic strain of 1mm specimen is 0.69 at 
the moment of fracture, while it’s 0.12 for 3mm sample. 
The numerical results corroborate the compressive fracture 
features (Figure 1). It could be observed that 1mm specimen 
underwent drum-like shaped deformation, while there was 
no remarkable deformation for 3mm sample before fracture. 
In addition to this, the final compression failure mode of the 
two samples tended towards shear failure, where the main 
crack developed along about a 45° angle to the cylinder 
axis, in accordance with the experimental results in Figure 1.

The superposition of the experimental and numerical overall 
stress-strain curves are plotted in Figure 7. The numerical 
results obtained with shear damage model, corroborated the 
experimental measurements. It is clear that the compressive 
responses of the two kinds of specimen were better predicted 
using a shear damage model.

4. Conclusion
1) The Mises stress distributions and the equivalent 

plastic strains of 1mm and 3mm samples during compression 
deformation and fracture were obtained by means of an 

Figure 4. The equivalent strain maps of 1mm sample in the 
deformation and fracture process at different strains, a) 11.62%, 
b) 12.25%, c) 12.53% and d) 12.6%.

Figure 5. The Mises stress distribution of 3mm sample at different 
compressive strains, a) 3.81%, b) 3.82%, c) 3.83% and d) 3.84%.

Figure 6. The equivalent strain map of 3mm samples in the 
deformation and fracture process at different strains, a) 3.81%, b) 
3.82%, c) 3.83% and d) 3.84%.

Figure 7. Comparisons between the numerical results and the 
measurements a) 1mm and b) 3mm.
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ABAQUS numerical simulation. Much larger deformation 
was located in one narrow shear band with lower stress. The 
specimen suffered shear damage along about a 45° angle to 
the cylinder axis under a compression load.

2) The failure model of 1mm and 3mm amorphous alloy 
samples under compression load was predicted better using 
the shear damage model, consistent with the experimental 
testing.

3) The compressive stress-strain curves of 1mm and 3mm 
samples were obtained by a numerical simulation approach, 
in agreement with the experiment measurements. It is clear 

that the plasticity of amorphous alloys is related to the sizes 
of the samples. The smaller specimen exhibited a larger 
plasticity when compared with the larger one.
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