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(a) (b)

(c) (d)

Figure 4.14: Multilayer metallic glass models with built in hardening response. The
EQPS scale has been adjusted for each model to better show the development of
shear bands. (a) 10% Strain Hardening, (b) 25% Strain Hardening, (c)75% Strain
Hardeding and (d) 100% Strain Hardening
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Another multilayer model was created with the reference metals having different

hardening responses with the top reference metal having the 10% hardening response

and the bottom reference metal having the 50% hardening response. Figure 4.15

shows the equivalent plastic strain contour plot for the multilayer model containing

the reference materials with different hardening responses. At a compressive strain of

0.042 the plastic deformation is contained primarily within the first three layers of the

model with only the perturbation beginning to yeild in the bottom two layers. The

50% strain harden metal keeps the shear bands from propagating further through

the model. As anticipated the strain hardening of the reference metal plays a big

role in the evolution of shear bands in metallic glass.

Figure 4.15: Contour plot of equivalent plastic strain in the multilayer model when
the macroscopic strain is at 0.042.

4.3.1 Comparison with Experimentation

It is worth mentioning that multilayered pillars consisting of alternating metallic

glass and other metal layers are also an active area of experimental research [37–39].

One of the inherit limitations of metallic glasses in both bulk and thin film have

been the materials brittleness. Current research looks at adding a thin layer of
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nanocrystalline metal film beneath the brittle metallic glass film. The underlying

nanocrystalline metal serves two purposes: one is to produce the unqiue inelastic

shear slip transfer at the amporphous-crystal interface and the other is to suppress

local stress concentrations due to dislocation pileups [37]. Again micropillar beams

are constructed on Si wafers consisting of alternating layers of amorphous-crystal

layers and are subject to compressive loading. Figure 4.16 shows an SEM micro-

graph of a multilayer micropillar subjected to compression. The recent experimetal

research showed that shear bands initiated in the metallic glass films were found to

be accommodated at the interface with the adjacent layer, which resulted in over-

all more homogeneous deformation and thus much improved ductility compared to

monolithic metallic glass structures. The experimental findings are in qualitative

agreement with the present discussion.

Figure 4.16: SEM micrograph showing ZrCu/Cu five-layer pillar compressed to a
predetermined displacment of 300nm [37]
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4.4 Effect of Taper

In experiments, a slight taper is frequently seen in the FIB (focused ion beam)-

fabricated micropillars. Here we utilize the model in Fig. 2.1(b) but with a 3◦ taper,

and observe its deformation field. Figure 4.17 shows the contour plot of equivalent

plastic strain at the macroscopic compressive strain of 0.042, in the metallic glass

of aspect ratio 1.0 above the Si base. It can be seen that localized deformation

occurs primarily in the upper region away from the interface. In addition to the

interfacial constraint, the smaller cross section area near the top boundary results

in stress concentration, which also contributes to the inhomogeneous distribution of

plastic strain. Constrained deformation due to physical confinement is thus further

enhanced by the geometrical effect.

Figure 4.17: Contour plot of equivalent strain in the Si-base attached metallic glass
model, with a 3◦ taper, at the macroscopic compressive strain of 0.042.
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4.5 Four Point Bending

A common experiment perfomed during testing of metallic glasses in both bulk and

thin layer form is a simple four point bending test. Experimetal findings have shown

that the formation of localized shear bands can lead to catastropic failure of the

specimen under bending [32]. In order to further study the formation of shear bands

in mealltic glass a four point bending simulation was run. The beam subjected to four

point bending in Figure 4.18 is now considered. Unlike the micro pillars considered

early the shear bands are not uniformly distriubuted and tend to form around the

top and bottom faces of the beam. The plastic strains inside the shear bands are

still much greater than the surrounding material.

(a)

(b)

(c)

Figure 4.18: Contour plots of equivalent plastic strain in metallic glass due to bending
deformtation: (a) Front view (b) Top view (c) Bottom view.
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4.5.1 Comparison with Experimentation

Figure4.19 shows the results of an experimental bending test performed on a spec-

imen consiting of a MG/Ti bilayered-coated with BMG. Figure4.19(a) shows that

shear bands have formed on the tensile surface during deformation. The formation

of shear bands in the FEA results are in qualitative agreement with the experimental

results. Further extensive modeling is needed to better understand the enhancment

of bending ductility of metallic glasses.

Figure 4.19: SEM micrographs of MG/Ti bilayer-coated BMG surface after bending
to failure (a surface strain of 13.7%): (a) 50◦ tilted and (b) side view. [32]
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Conclusions and Suggested Future

Work

In this research, systematic finite element analyses were conducted to study the

evolution of shear bands in constrained metallic glass thin films. The models have

the appearance of micropillars subject to compression, with or without a supporting

base material, or with a multilayered configuration. Incorporation of randomized

perturbation points in the model facilitated the localized plastic deformation. Salient

findings from the modeling are summarized below.

• Without the influence of external constraint, the same stress-strain behav-

ior and shear banding configuration can be obtained for stand-alone metallic

glasses with various aspect ratios.

• When attached to a Si base (substrate), metallic glass cylinders with lower

aspect ratios display higher plastic flow stresses. Shear bands are concentrated

in the upper volume of the specimen, away from the interface with the base

material. The effect is further enhanced if the cylinder shows a tapered geom-

etry.
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• The effect of aspect ratio on the apparent yield stress for base-attached metallic

glasses follows the same trend as reported in experiment. The yield stress stays

nearly constant if the aspect ratio is greater than 0.5.

• Substrate-induced constraint is found to influence overall plastic deformation

behavior in fundamentally the same way, regardless of the localized or homo-

geneous nature of the deformation.

• Forming multilayers by bonding thin-film metallic-glass with crystalline inter-

layers (with traditional plastic behavior) can potentially alleviate the strongly

heterogeneous deformation configuration.

The following items are suggested for future work:

• Adding contact defintions to the metallic glass silicon base interface could give

more insight into the evolution of shear bands through the substrate.

• Further finite element analysis of metallic specimens coated with thin film

metallic glasses in order to better understand the dramtic bending ductility

enhancment.

• Alternative reference materials can be used in the multilayer case to further

examine the potential to alleviate the strongly heterogeneous deformation con-

figuration.

• Incorporating more complex physics such as element death into the models

would give further insight on how shear band-induced failure developes in

metallic glasses.
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5.1 Implications

The mechanical properties of metallic glasses have made them a promising material

for a variety of engineering applications. Metallic glasses have great potential for

use in structural and functional applications and are currently viewed as one of

the most important metallic materials. Recent applications of MG’s in mico- and

nano- devices have helped spark intense research and may stimulate the development

of new industries. This study continues to give support to previous experimental

findings, which will allow future researchers to expand and innovate new experiments

to explore the unquie charcteristics of metallic glasses. It is hoped that the results

from this study will provide the material science community with further insight on

the mechanical behavior of metallic glasses.
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