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Indentation-Induced Shear Band
Formation in Thin-Film Multilayers

Shannon Bigelow and Yu-Lin Shen*

Department of Mechanical Engineering, University of New Mexico, Albuquerque, NM, United States

We report an exploratory investigation into the cause of shear band formation in
multilayer thin films subject to nanoindentation. The material system considered here
is composed of alternating aluminum (Al) and silicon carbide (SiC) nanolayers, atop a
silicon (Si) substrate. Finite element models are developed in an attempt to reproduce
the shear banding phenomenon observed experimentally. By introducing strain softening
into the material model for the hard SiC layers, shear bands can be seen to emerge from
the indentation site in the finite element analysis. Broad implications, along with possible
directions for future work, are discussed.
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INTRODUCTION

Multilayer thin-film coatings offer mechanical property benefits beyond what single material
films can provide. Alternating metal and ceramic nanolayers to create a multilayer structure lends
increased strength and toughness, better wear and fatigue resistance, and favorable damage toler-
ance. Quantitatively characterizing the mechanical properties of these multilayer thin-films is of
interest, with an eye toward applications from tooling to electronics (Romero et al., 2003; Deng et al.,
2005a,b; Tang et al., 2008; Wiecinski et al., 2014; Jamison and Shen, 2016).

To date, much of this characterization relies on nanoindentation to derive Young’s Modulus and
hardness (Schuh, 2006). However, these methods were developed with homogeneous materials
in mind, including the assumption that elastic recovery occurs during the indentation unloading
phase (Tang et al., 2010). Multilayered configurations introduce complex internal stress and strain
behaviors, which may affect the derived mechanical property values in ways not yet understood
(Bhattacharyya etal., 2011; Jamison and Shen, 2016). Prior work in this area has investigated elastic
modulus, hardness, plastic deformation during unloading, imperfect layer geometry, and delami-
nation (Chawla et al., 2008; Tang et al., 2008, 2010; Wang et al., 2012; Jamison and Shen, 2016).

Figure 1 reveals the formation of shear bands within the structure of nanoindented and sectioned
aluminum (Al) and silicon carbide (SiC) multilayers (Tang et al., 2010). The shear bands appear to
initiate near the tip of the indentation. The localization of deformation can be strong enough to
sever the hard ceramic layers. Similar observations were made in other metal-ceramic nanolayered
materials (Wang et al., 2015). This phenomenon has not surfaced in the previous finite element
models associated with elastic-perfect-plasticity. However, from the micro-tension tests of Deng
et al. (2005a), it is inferred that the SiC film actually exhibits strain softening after yielding. The
present exploratory work thus focuses on attempting shear band initiation in finite element models
by incorporating strain softening of the SiC layers.

NUMERICAL MODEL

A finite element model of the nanoindentation process was created and performed using ABAQUS
(Version 6.14, Dassault Systemes Simulia Corp., Providence, RI, USA). See Figure 2A for a sche-
matic of the model configuration. A conical diamond indenter was modeled in order to allow a
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FIGURE 1 | Cross-section scanning electron micrograph showing shear
bands (highlighted by arrows) in Al/SiC thin-film multilayers after
nanoindentation (Tang et al., 2010).

two-dimensional, axisymmetric representation of the setup.
The same projected contact area as the Berkovich nanoindenter,
used in the experimental setup (Tang et al., 2009), was achieved
with a semi-angle of 70.3°. In accordance with the experimental
configuration, the model shown in Figure 2A also contained 41
total alternating layers of Al and SiC, with aluminum being the
topmost layer. Each layer was 50 nm thick, with the multilayer
film residing on a silicon (Si) substrate. The structure (Al/SiC film
and Si substrate) had a radius of 40 um and an overall height of
43 um. No initial defects were included in the model.

The left edge of the model was the axis of symmetry and was
constrained such that it had freedom of displacement only in the
2-direction. The bottom edge of the model was constrained to
only allow displacement along the 1-direction. The other two
edges were free in either direction. Upon contact of the indenter
with the top layer of aluminum, frictional contact was assumed,
with the coeflicient of friction being 0.1 (Lide, 1995; Bucaille
et al., 2004).

Material parameters were garnered from previous work
(Chawla et al., 2008; Tang et al., 2008, 2009, 2010; Jamison and
Shen, 2016), taking into account the different properties of
materials in the thin-film form compared to their bulk coun-
terpart. The stress—strain curves extracted from micro-tensile
experiments of Al and Al/SiC multilayer films show that, while
independent Al layers experience an expected work hardening
leading to perfect plasticity, the Al/SiC multilayer film as a whole
exhibits work softening (Deng et al., 2005a). This implies that
the SiC layers themselves have a strain softening behavior. The
focus of the present study considers the impact of modifying
the SiC model’s stress—strain input profile to include a gradual
softening of the material after yield, with the yield strength of
8,770 MPa estimated from the actual hardness measurement
of a single-layer SiC (Tang et al., 2010). Figures 2B,C detail
the stress—strain input curves for the Al and SiC material
models, respectively. The quantitative softening of SiC was
chosen arbitrarily for the model's computational purposes,

while trying to preserve some of the qualitative aspects inferred
from experimental measurements. For simplicity, the softening
portion of the stress—strain profile is taken as linear until the
plastic flow stress reaches 400 MPa, the same flow stress carried
by the Al layers. More detailed considerations of the softening
parameters are left as future work.

SIMULATIONS AND RESULTS

A control simulation for the multilayer indentation was run,
which did not include any strain softening in the SiC material
properties, keeping it elastic perfectly plastic. The result of this
simulation is shown in Figure 2D, in the form of an equivalent
plastic strain contour plot near the indentation tip, when the
indentation depth is 0.5 pm. Due to the strain contrast, the
individual Al and SiC layers are readily discernible. This is
identical to the simulation result obtained previously, with no
evidence of shear band formation (Tang et al., 2010; Jamison
and Shen, 2016).

Implementing the Figure 2C strain softening curve for SiC
yielded promising results. The initiation of a shear band was
observed near the interface with the indenter tip in the early
stages of the indentation. The band grew in a direction toward
the lower right of the material model as the indentation depth
increased. Figure 2E shows the deformed mesh and contour
plot of equivalent plastic strain at an indentation of 0.59 pum; a
prominent shear band with significantly higher plastic strains
than its surrounding is evident.

It is thought that the strain softening, alone or in part, is
responsible for shear band formation, as it is the only difference
between the models producing Figures 2D,E. The fact that no
initial defects were placed in the model further supports this
assertion, as there were no obvious stress concentration areas
other than the indenter tip to encourage deformation paths.

Multiple indentation depths between 0.1 and 0.6 pm were
simulated for the two cases (with and without softening) in
order to compare hardness and Youngs modulus calculations.
At small indentation depths, the hardness values agreed well. At
indentation depths above approximately 0.35 um, the softened
model hardness values consistently dip below the unsoftened
baseline model’s, albeit slightly (less than 5%). Strain softening
and shear bands, therefore, may slightly degrade calculated
hardness, although more thorough study is needed. Regarding
Young’s modulus, derived from the unloading load-displacement
response, the two cases track well with each other through the
majority of the displacement range. Although the hardness and
modulus were not significantly affected during the early stages
of shear banding, in actual materials, the intense shear may lead
to internal damage, which impacts the indentation-measured
properties.

In the multilayers, the much more ductile Al is attempting
to flow away from the indentation, all while being constrained
by the more brittle adjacent SiC layers. The mismatch between
the stress—strain curves of each material, in conjunction with the
softening tendency in SiC once the peak stress is reached, appear
to be critical in triggering the localization of deformation. Once
getting over the hurdle of formation itself, the softening curve
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FIGURE 2 | (A) Schematic of axisymmetric model setup, with symmetry axis and boundary conditions shown for the 41 alternating Al/SiC laminates on a Si
substrate. (B) Stress—strain input curve for Al material model. (C) Stress—-strain input curve for strain softened SiC material model. (D) Contour plot of equivalent
plastic strain in the baseline Al/SiC film model (no strain softening of SiC), when the indentation depth is at 0.5 um. (E) Deformed configuration and equivalent plastic
strain in the multilayer Al/SiC model, with strain softening of SiC, when the indentation depth reaches 0.59 pm. (F) Shear bands resulting from a multilayer Al/SiC
model with a slightly modified strain softening response of SiC, after indentation to 0.75 um.

and relative material properties can also have great effects in the ~ input curve used in the Figure 2E simulation: the SiC plastic
shape and prominence of the shear bands. Figure 2F illustrates  flow stress was doubled to 800 MPa, resulting in a marginally
this point, as it reflects only one minor change to the Figure 2C  shallower softening slope. This change was enough to redirect
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the shear band from one prominent arm into a less well-defined
band that split into two branches. One branch continued in the
direction of the parent, only less aggressive, and the other split off
in a mirrored fashion.

For comparison, separate homogeneous film models were also
considered, with the 41 layers treated as either all Al or all SiC.
Both materials were explored with and without the inclusion of
strain softening. For the Al case, neither the standard nor the
softening model produced any hint of shear band formation. As
for the SiC, there was also no evidence of shear banding in the
model without any strain softening. On the other hand, the inclu-
sion of softening in the SiC model did trigger the initiation of a
shear band, although it was significantly weaker than anything
observed in the multilayer configurations. The internal deforma-
tion constraint unique to the multilayer structure is thus shown to
play a prominent role in the development of shear bands.

CONCLUDING REMARKS

We have demonstrated that strain softening of the hard layer
after yielding is a key factor in shear band formation in thin-
film multilayers. The shape and prominence of shear banding
are dependent on the relative stress—strain curves of each
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