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Abstract

Bimetallic layered composites with ultrathin layers possess high strength and hardness, excellent
shock resistance, and radiation damage tolerance. However, they are prone to deformation
localization and readily form kink-bands when subjected to layer parallel compression. Following
this, we carried out extensive plane strain finite element finite deformation analyses to understand
and rationalize the experimentally observed kink-band formation in these composites. In the
calculations, both constituent materials were assumed to follow a rate-independent isotropic
elastic-plastic constitutive relation with an ad-hoc thickness dependent yield strength. Our results
demonstrate that in these composites, layer refinement, together with the strength differential
between the layers of the constituent materials, is sufficient to trigger kink-banding. Importantly,
this phenomenon occurs even in the absence of elastically stiff layers, geometrical imperfections

(such as waviness of the layers), and extreme plastic anisotropy within the layers. Additionally,



we performed parametric studies to investigate the individual effects of layer thickness, strength
differential between the two constituent materials, and strain-hardenability of the materials on
kink-band formation. The outcomes of our parametric studies reveal that the strain-hardenability
of the constituent materials stabilizes the formation of kink-bands. Furthermore, it leads to a
transition from the abrupt formation of through-width kink-bands to the onset and propagation of

stable inclined wedge-shaped kink-bands, similar to the experimental observations.
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1. Introduction

Bimetallic layered composites, such as Copper — Niobium, Copper — Chromium, Copper — Nickel
(Misra et al., 1998) with layer thickness less than 100 nm have been shown to possess strength and
hardness levels at least an order of magnitude greater than their constituents (Beyerlein et al.,
2013b); and have also been shown to possess excellent shock resistance (Han et al., 2014) and
radiation damage tolerance (Beyerlein et al., 2013a; Han et al., 2013). These composites are in
general fabricated using severe plastic deformation techniques such as accumulative roll bonding
(Del Valle et al., 2005; Saito et al., 1999) and equal channel angular extrusion (Valiev and
Langdon, 2006; Xue et al., 2007). Nevertheless, their microstructure is found to be very stable
even under extreme environments (Mara et al., 2008; Mara et al., 2010b; Misra et al., 2007; Misra

et al., 2004). For example, the layer structure, thickness, interface characteristics and overall
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texture of Copper (Cu) — Niobium (Nb) bimetallic layered composite with ~35 nm layer thickness
were found to be stable up to 700°C for ~16 hours (Carpenter et al., 2013). This is due to the
selection of well-bonded interfaces with low formation energy in these materials during fabrication

(Beyerlein et al., 2013b; Carpenter et al., 2012; Mara and Beyerlein, 2014).

The bimetallic layered composites are, however, prone to deformation localization (Beyerlein et
al., 2013b; Mara et al., 2010a; Tian and Zhang, 2013; Yan et al., 2013) even during the fabrication
process (Ardeljan et al.,, 2014; Carpenter et al., 2015). Deformation localization in these
composites has been shown to occur by two mechanisms (Nizolek et al., 2021). The first
mechanism is shear-banding which leads to intense plastic deformation in narrow bands (Hong et
al., 2010; Zheng et al., 2014). The second mechanism is the formation of kink-bands in bimetallic
layered composites with ultrathin layers (Nizolek et al., 2017; Nizolek et al., 2015; Zhang et al.,
2022). Deformation by these two mechanisms is observed under distinct loading conditions, shear-
bands form when the composite is compressed normal to the layers whereas kink-bands form when
the composite is compressed parallel to the layers (Nizolek et al., 2021). Out of these two, shear-
band formation is considered to be detrimental as it leads to deformation localization without
bound and monotonic decrease in the load carrying capacity of the material (Hong et al., 2010;
Mara et al., 2010a; Zheng et al., 2014). On the contrary, kink-band formation has been found to be
non-detrimental as it can lead to enhanced deformability and toughness of these composites

(Ardeljan et al., 2018; Nizolek et al., 2015; Nizolek et al., 2021).

Kink-band formation is not limited to bimetallic layered composites and has been observed in a

variety of materials that exhibit structural and/or material anisotropy, for example, fiber-reinforced
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composites (Berg and Salama, 1973; Evans and Adler, 1978; Fleck and Budiansky, 1991; Jensen
and Christoffersen, 1997; Moran et al., 1995; Vogler and Kyriakides, 2001), oriented polymers
(Attenburrow and Bassett, 1979; Robertson, 1969), geological materials (Anderson, 1968;
Kronenberg et al., 1990; Paterson and Weiss, 1966), freshwater ice (Manley and Schulson, 1997),
wood (Poulsen et al., 1997), hexagonal closed packed (HCP) single crystals of Cadmium (Orowan,
1942) and Zinc (Cornwell et al., 1970; Crocker and Abell, 1976; Frank and Stroh, 1952; Hagihara
et al., 2016; Hess and Barrett, 1949), and MAX phases (Barsoum et al., 2003; Barsoum and
Radovic, 2011; Plummer et al., 2021; Rathod et al., 2021). In these anisotropic layered materials,
such as fiber-reinforced composites (and to some extent, MAX phases), the formation of kink-
bands under compression parallel to the layers involves three stages: First, the relatively stiffer
layers (fibers in composites or MX layers in MAX phases) undergo micro-buckling ((Moran et al.,
1995; Plummer et al., 2021; Rosen, 1970). Second, post-buckling deformation localizes into a
well-defined band, which serves as the prelude to the kink-band (Hsu et al., 1998; Kyriakides et
al., 1995; Vogler et al., 2001; Vogler and Kyriakides, 2001). Finally, the inclination, width or both
of the kink-band increase with progressive deformation (Hsu et al., 1998; Kyriakides et al., 1995;

Vogler et al., 2001; Vogler and Kyriakides, 2001).

A key ingredient in the formation of kink-bands in almost all susceptible materials is anisotropic
deformation. In the case of bimetallic layered composites, it has been proposed that the presence
of ultrathin layers restricts the accumulation of dislocations, and plastic deformation primarily
occurs through the movement of dislocations parallel to the layers, resulting in plastic anisotropy.
This phenomenon is known as confined layer slip (Anderson et al., 1999; Jian et al., 2022; Misra

et al., 2005; Subedi et al., 2018; Wang and Misra, 2014). However, the initiation of kink-bands in
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bimetallic layered composites is believed to differ from other susceptible materials. This is
because, unlike the latter, the former does not possess stiff or rigid layers, and all layers can
undergo elastic-plastic deformation (Nizolek et al., 2015). Additionally, the strain fields
surrounding a kink-band in bimetallic layered composites have been found to resemble an inclined
crack with mixed Mode-I and Mode-II components (Nizolek et al., 2017). Furthermore, a detailed
post-mortem analysis of kink-bands in Cu-Nb bimetallic layered composites revealed significant
changes in the microstructure of these materials (Zhang et al., 2022). This includes the
accumulation of geometrically necessary dislocations and the presence of tilt geometrically

necessary boundaries near the boundaries of the kink-band.

Nevertheless, it is reasonable to assume that the onset of kink-band formation, even in bimetallic
layered composites, requires some sort of instability. Additionally, the formation and overall
morphology of the kink-bands in these materials may not be strongly influenced by the details of
the layer-level microstructure and/or deformation mechanisms. Instead, the layer-level initial
microstructural details, in conjunction with their unique deformation mechanism, only drive the

distinct microstructure evolution within the kink-bands.

Herein, we propose a hypothesis that layer refinement, together with the strength differential
between the layers of the two materials, alone constitutes ‘sufficient conditions’ to trigger kink-
banding in bimetallic layered composites. That is, considering elastically stiff layers, geometrical
imperfections (such as waviness of the layers), and extreme plastic anisotropy within the layers
may not be the ‘necessary conditions’ for the occurrence of kink-banding in these composites.

Note that in our hypothesis, plastic anisotropy within the layers is not assumed to be a ‘necessary
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condition.” However, it is important to acknowledge that the strength differential between the
layers of the two materials will inherently introduce anisotropy in the response of the composite
material. To prove our hypothesis, we carried out extensive plane strain finite element finite
deformation analyses of bimetallic layered composites subjected to layer parallel compression.
Additionally, we carried out limited analyses of the same under layer normal compression. In the
calculations, both constituent materials were assumed to follow a rate-independent isotropic

elastic-plastic constitutive relation with an ad-hoc thickness dependent yield strength.

Aligned with our hypothesis, the results demonstrate that when bimetallic layered composites are
subjected to layer parallel compression, layer refinement and the associated Hall-Petch
strengthening-induced increase in the difference between the strength of the constituent materials
naturally capture the transition in the mode of deformation from barreling to kink-band formation.
These factors also naturally capture the formation of shear-bands in these composite materials
when subjected to layer normal compression, as in the experiments (Snel et al., 2017).
Furthermore, we conducted parametric studies to understand the individual effects of layer
thickness, strength differential between the two constituent materials, and strain-hardenability of
the materials on kink-band formation. The results of our parametric studies show that the strain-
hardenability of the constituent materials in bimetallic layered composites stabilizes the formation
of kink-bands. Importantly, it leads to a transition from the abrupt formation of through-width
kink-bands to the onset and propagation of stable inclined wedge-shaped kink-bands, as observed

in the experiments of Nizolek et al. (2015).
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Recently, three other works have addressed kink-band formation in bimetallic layered composites.
Each primarily aimed to showcase the capabilities of its respective methodology. Zecevic et al.
(2022) employed a large-strain elasto-viscoplastic formulation based on fast Fourier transforms.
In a follow-up, Zecevic et al. (2023) adopted a non-local version of this method. Meanwhile, Arora
et al. (2023) employed finite deformation mesoscale field dislocation mechanics. All three works
focused on modeling kink-band formation in Cu-Nb bimetallic composite materials, drawing from
observations in small-scale micropillar compression tests by Nizolek (2016) and Zhang et al.
(2022). While these works, notably that of Zecevic et al. (2023), qualitatively captured various
facets of microstructural evolution within the kink-bands observed in the small-scale experiments,
our work seeks to understand and rationalize kink-band formation in larger-scale specimens (on

the order of few millimeters) as observed in the experiments of Nizolek et al. (2015).

2. Numerical method

We have carried out micromechanical analyses of bimetallic layered composite specimens
subjected to layer parallel compression as shown in Fig. 1 using plane strain finite element finite
deformation calculations. All the finite element calculations are carried out using the commercial
finite element code ABAQUS/Standard. The overall in-plane dimensions, height (h) and width
(w) of the specimens modeled are 7.2 pum and 3.6 pm, respectively, giving an aspect ratio (h/w)
of 2 which is the same as in the experiments of Nizolek et al. (Nizolek et al., 2017; Nizolek et al.,
2015). The specimens modeled contain alternating layers of the same thickness, t, of two materials
referred to as Material 1 and Material 2. The layers in the finite element models are assumed to be

initially straight and remain completely bonded as no interlayer decohesion was observed in the
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experiments (Nizolek et al., 2015). As shown schematically in Fig. 1, the specimen is supported

on a rigid support while being compressed using a rigid punch.

‘ > x w=3.6 um

Figure 1. Schematic representation of plane strain finite element model of a bimetallic layered

composite (composed of layers of material 1 and 2 of thickness, t) specimen which is supported

at the bottom using a rigid support while being compressed from the top using a rigid punch.

The finite element mesh for the specimens is generated using eight-node quadratic plane strain
elements with at least three elements through the thickness of individual layers, while the rigid
support and punch are modeled using two-node plane strain rigid elements. A surface-surface
contact with a coefficient of friction 0.1 is invoked between the top and bottom surfaces of the
specimen and the rigid punch and support, respectively. At the beginning of the calculations, the

top and bottom surfaces of the specimens are taken to be in direct contact with the rigid punch and
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support, respectively. The x and y displacements of the rigid support, and x displacement of the
rigid punch are constrained throughout the calculation and the rigid punch is displaced along the
—y direction to impose compressive deformation on the specimen. Both Material 1 and Material
2 are modeled as rate-independent isotropic elastic-plastic material within finite strain J, flow
theory. For both the materials the linear elastic response is characterized by the Young’s modulus

(E) and Poisson’s ratio (v), and the plastic response is modeled as,

o=o0,[1+ K(s_pl)n] (D

where, o is the flow stress, 0), is the yield strength of the material, &, is the effective plastic strain,

K is the strain-hardening coefficient, and n is the strain-hardening exponent.

Since the objective of our micromechanical analyses is to understand the onset and evolution of
instabilities, specifically kink-bands, in bimetallic layered composite materials, it is necessary to
introduce some sort of perturbation in the analyses. Analyzing a perfect system alone would
essentially be a bifurcation problem and would result in significantly higher load/deformation
levels for the onset of any instability (Nestorovi¢ and Triantafyllidis, 2004; Triantafyllidis and
Maker, 1985). In the case of fiber-reinforced composites, a small imperfection such as fiber
misalignment is typically introduced to study kink-band formation (Argon, 2013; Budiansky,
1983; Kyriakides et al., 1995; Vogler et al., 2001). In our calculations, we introduced a small

imperfection by randomly perturbing the values of g,, for individual layers of materials 1 and 2 by

+1%. Additionally, we analyzed cases where a small tilt of 1° was introduced at the interfaces

between the layers of materials 1 and 2.
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Supplementary Figure S1 contrasts the effects of material and geometric perturbations on the
response of bimetallic layered composite specimens under layer-parallel compression. This figure
further delineates the impact of these perturbations for specimens with two different aspect ratios.
As illustrated in the figure, the value of imposed nominal compressive strain at the drop in the
load-carrying capacity of the specimen with an aspect ratio of 2 with a geometrical perturbation is
approximately 7% less than that with a material perturbation. For the specimen with an aspect ratio
of 4, the difference increases to approximately 12%. It’s crucial to underscore that in bimetallic
layered composites, geometrical perturbations correspond to the waviness of the layers (Carpenter
et al., 2014). However, our primary objective is to highlight that the presence of layer waviness is
not a ‘necessary condition’ for kink-banding in these materials. Consequently, in all subsequent

analyses presented, only material perturbation is considered.

3. Numerical results

Our objective is to rationalize the effects of structural and material parameters on the onset of kink-
band formation in bimetallic layered composites observed in the experiments of Nizolek et al.
(Nizolek et al., 2017; Nizolek et al., 2015). In these experiments, it was observed that the
propensity of kink-band formation under layer parallel compression in Cu-Nb bimetallic layered
composites increases with increasing layer refinement (i.e., decreasing layer thickness or
increasing the number of layers within a fixed sized specimen). Following this, we first analyze
the concomitant effect of layer refinement and associated Hall-Petch strengthening (Hall, 1951;

Petch, 1953) on the onset of kink-band formation in Section 3.1. Next, we analyze the individual
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effects of layer thickness and strength differential between the two constituent materials in Section
3.2. Finally, parametric studies are carried out to analyze the effects of strain-hardenability of the

materials on the onset of kink-band formation in Section 3.3.
3.1 Concomitant effect of layer refinement and Hall-Petch strengthening

In nanoscale bimetallic layered composites, the layer thickness and dislocation distributions play
important roles in dislocation motion (Jian et al., 2022) and even though dislocation pileups may
not be expected in fine nanolayered structures, dislocation density accumulation at the interfaces
(Subedi et al., 2018) or dislocation emission from the interfaces (Chen et al., 2020) give rise to
Hall-Petch type strengthening in these materials. An increase in the yield strength of the Cu-Nb
bimetallic composites with decreasing layer thickness has been experimentally observed under
both layer parallel (Nizolek et al., 2015) and normal compressions (Snel et al., 2017), as well as
during indentation (Misra et al., 2005), at least for layer thicknesses up to a few tens of nanometers.
However, a separate characterization of the effect of layer thickness on the yield strength of the
two constituent materials in the composite is currently unavailable. Following this, we assume that

the value of o, in Eq. (1) for both the materials in the bimetallic layered composites follows Hall-

Petch strengthening (Hall, 1951; Petch, 1953) which relates gy, to layer thickness, ¢, as

o, =0,+k (%) (2)

where, o, and k are material parameters. The values of o, and k for material 1 (Cu) are taken to

be 40 MPa and 110 MPa+/um, respectively, while for material 2 (Nb), they are taken to be 120

Page 11 of 42



MPa and 340 MPa+/um, respectively, following Cordero et al. (2016), where these values were
obtained for bulk Cu and Nb. For these values of o, and k, not only the strength of the two
materials in the composite increases with decreasing layer thickness but the difference between
their strength also increases with decreasing layer thickness. For example, for t = 360 nm, the
strength difference between materials 2 and 1 is approximately 470 MPa, while for t = 30 nm, the
difference is around 1300 MPa. However, in relative terms, they are fairly similar. The strength of
Material 2 relative to Material 1 is approximately 3 for both t = 360 nm and t = 30 nm. The values
of E and v for material 1 are taken to be 110 GPa and 0.34, respectively, while for material 2 are
taken to be 103 GPa and 0.38, respectively. The values of the strain-hardening parameters, K and

n, in Eq. (1) are taken to be 0.1 and 0.3, respectively, for both the materials.

The calculated nominal compressive stress-strain response of four bimetallic layered composite
specimens with layer thickness 360 nm, 90 nm, 60 nm and 30 nm is shown in Fig. 2(a). As shown
in the figure, at the early stages of deformation, all specimens exhibit a linear stress-strain response
which is followed by a slight change in the slope of the curve, Fig. 2(b). This slight change in the
slope of the stress-strain curve corresponds to the yielding of the softer material (material 1), and
since the yield strength of the softer material follows Hall-Petch strengthening, the stress at which
the slope changes increases with decreasing layer thickness. Next, with continued deformation, all
the specimens undergo macroscopic yielding marked by the onset of non-linearity in the stress-
strain response, and since the yield strength of the harder material (material 2) also follows Hall-
Petch strengthening, the stress at the onset of non-linearity increases with decreasing layer
thickness. The increase in the stress at macroscopic yielding with decreasing layer thickness, as

shown in Fig. 2, is consistent with the experimental results of both layer normal (Snel et al., 2017)
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and layer parallel compression (Nizolek et al., 2015) of Cu-Nb bimetallic layered composite
materials. Finally, after a finite amount of deformation following macroscopic yielding, the stress
carrying capacity of three specimens with layer thickness, t < 90 nm, first decreases and then
tends to saturate. The imposed nominal compressive strain at the onset of the decrease in the stress
carrying capacity of the specimens decreases; while the extent and the rate of decrease (with

respect to the nominal strain) of the same increases with decreasing layer thickness.
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Figure 2. (a) Nominal compressive stress-strain response of bimetallic layered composite
specimens with different layer thicknesses and thickness-dependent yield strength. (b) Early

stage nominal compressive stress-strain response of bimetallic layered composite specimens

shown in (a).

The variation of the effective plastic strain, &y, in the four bimetallic layered composite specimens
at three levels of imposed nominal compressive strain is shown in Fig. 3. As shown in Fig. 3(al-
a3), the specimen with layer thickness 360 nm that did not exhibit a decrease in the stress carrying
capacity post macroscopic yielding in Fig. 2(a), predominantly deforms in a barrel-like fashion.

Next, with continued deformation, the effective plastic strain in this specimen localizes in two
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intersecting bands that are roughly inclined at +£45° with respect to the compression axis. The
other three specimens with layer thickness 90 nm and below, also at least initially deform in a
barrel-like fashion, Fig. 3(b1-d1), but with continued deformation, the free edges of the deformed
specimens take a double taper shape, Fig. 3(b3-d3). The two tapers on both the free edges of these
specimens are at the locations where the bands of extremely localized plastic deformation intersect
with the free edges. Similar to the specimen with 360 nm thick layers, the localized plastic
deformation bands in the specimens with layer thickness 90 nm and below are also roughly
inclined at +45° with respect to the compression axis. However, the extent of plastic deformation
within the bands in these specimens is much greater than the specimen with layer thickness 360

nm, even at significantly lower levels of the imposed nominal compressive strains.

A careful examination of deformation in the bands shows that unlike the specimen with layer
thickness 360 nm, the microstructure within the bands in specimens with layer thickness 90 nm
and below are significantly misoriented compared to the regions outside the band (see inserts a2-
a3 and d2-d3 in Fig. 3). Thus, the localized plastic deformation bands in all the specimens with
layer thickness 90 nm and below are essentially kink-bands with in-plane rotation, a, of the
material (layers) inside the kink-band being roughly twice that of the inclination of the kink-band
boundaries, B, so that the nominal volumetric strain (Dewey, 1965), AV/V = cos(f —
a) sec(B) — 1, inside the kink-band is zero. Moreover, decreasing the layer thickness in the
specimens not only promotes early kink-band formation (i.e., a decrease in the imposed nominal
compressive strain at the onset of kink-band formation) but also results in finer kink-bands.
Finally, post kink-band formation (i.e., post decrease in the stress carrying capacity) the specimens

with layer thickness 90 nm and below deform by kink-band widening at roughly constant nominal
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stress, see Figs. 2(a) and 3(b2-d3). The regime in which the kink-band widens while the nominal

stress carrying capacity of the specimens remains relatively constant can be seen more clearly in
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Figure 3. Contour plots of the effective plastic strain, &,;, in bimetallic layered composite

the Supplementary Movie S1.

specimens with different layer thicknesses and thickness-dependent yield strength at three
imposed nominal compressive strain levels. The contour plots al-a3, bl-b3, c1-c¢3 and d1-d3
correspond to the specimens with layer thickness 360 nm, 90 nm, 60 nm and 30 nm, respectively.
The respective imposed nominal compressive strain levels for all the contour plots are marked
with dashed vertical lines on the stress-strain curves shown in Fig. 2(a). The left inserts show
the zoomed view of the regions marked with dashed boxes in the contour plots a2 and a3, while
the right inserts show the zoomed view of the regions marked with dashed boxes in the contour

plots d2 and d3.
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3.2 Effects of layer thickness and strength differential

The results presented in Section 3.1 show the concomitant effect of both layer refinement and Hall-
Petch strengthening induced increase in the difference between the strength of the two materials
with decreasing layer thickness on the formation of kink-bands in bimetallic layered composites.
In this section, we focus on the individual effect of layer thickness and the difference between the
strength of the two materials. To this end, we first analyze the effect of layer thickness by assuming

that the value of g, in Eq. (1) for the two materials is independent of their layer thickness and are

taken to be 500 MPa and 1500 MPa for materials 1 and 2, respectively; while the values of other

parameters, E, v, K and n, are taken to be the same as in Section 3.1.

The calculated nominal compressive stress-strain response of four bimetallic layered composite
specimens with layer thickness 360 nm, 90 nm, 60 nm and 30 nm but with thickness-independent
properties is shown in Fig. 4. As shown in the figure, at the early stages of deformation, all
specimens exhibit a linear stress-strain response which is followed by a small change in the slope
of the curve. This change in slope of the stress-strain curve corresponds to the yielding of the softer
material (material 1), and since the yield strength of the softer material is independent of the layer
thickness, the stress at which the slope changes is the same for all the specimens. Next, with
continued deformation, all the specimens undergo macroscopic yielding marked by the onset of
non-linearity in the stress-strain response, and again since the yield strength of the harder material
(material 2) is also independent of the layer thickness, the stress at the onset of non-linearity is the

same for all the specimens. Following the onset of non-linearity and after a finite amount of
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deformation, the stress carrying capacity of the three specimens with layer thickness, t < 90 nm,
first decreases and then tends to saturate. As discussed in Section 3.1, the decrease in the stress
carrying capacity of the specimens corresponds to the formation of kink-bands. The imposed
nominal compressive strain at the onset of the decrease in the stress carrying capacity of the
specimens decreases while the rate of decrease of the stress carrying capacity of the specimens
increases with decreasing layer thickness. However, unlike the results presented in Fig. 2, the
extent of decrease in the stress carrying capacity in Fig. 4 for t < 90 nm post kink-band formation
is not significantly affected by decreasing layer thickness when the strength of the two materials

are taken to be independent of the layer thickness.
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Figure 4. Nominal compressive stress-strain response of bimetallic layered composite

specimens with different layer thickness but with thickness-independent yield strength.
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Figure 5. Contour plots of the effective plastic strain, &,;, in bimetallic layered composite

specimens with different layer thicknesses and thickness-independent yield strength at three
imposed nominal compressive strain levels. The contour plots al-a3, bl-b3 and cl-c3
correspond to the specimens with layer thickness 90 nm, 60 nm and 30 nm, respectively. The
respective imposed nominal compressive strain levels for all the contour plots are marked with

dashed vertical lines on the stress-strain curves shown in Fig. 4.

The variation of the effective plastic strain, &, in the three bimetallic layered composite

specimens that exhibit a decrease in the stress carrying capacity following the onset of non-
linearity, Fig. 4, at three levels of imposed nominal compressive strain are shown in Fig. 5. As

shown in the figure, all three specimens at least initially deform in a barrel-like fashion but with
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continued deformation, these specimens deform by kink-band formation and kink-band widening.
Although for these three specimens the material properties are taken to be independent of the layer
thickness, decreasing the layer thickness in the specimens promotes the early onset of kink-band
formation (i.e., decrease in the imposed nominal compressive strain at the onset of kink-band
formation) as well as the formation of finer kink-bands. Note that even though the specimen with
layer thickness 30 nm initially shows signs of two intersecting bands of effective plastic strain,
only one of them eventually evolves into a kink-band in this specimen, Fig. 5(c1-c3). The
intersecting kink-bands in Figs. 5(a2-a3) and (b2-b3), and one in Fig. 5(c2-c3) are roughly inclined

at angles of £50° and —50°, respectively, with respect to the compression axis.

We now analyze the effect of the difference between the strength of the two materials by
considering a specimen with a fixed layer thickness of 30 nm. In this set of calculations, the value
of g,, in Eq. (1) for material 1 is fixed to 500 MPa and that of material 2 is assumed to be either
500 MPa, 1000 MPa, 1500 MPa or 2000 MPa; while the values of other parameters, E, v, K and

n, are taken to be the same as in Section 3.1.

The calculated nominal compressive stress-strain response of bimetallic layered composite
specimens with layer thickness 30 nm but different values of a,, for material 2 is shown in Fig. 6.
As shown in the figure, the specimen with g, being 500 MPa for both the materials first exhibits
linear stress-strain response which is followed by the onset of macroscopic yielding. All other
specimens also first exhibit linear stress-strain response which is followed by a slight change in
the slope of the curve due to early yielding in material 1 before the onset of macroscopic yielding.

The onset of macroscopic yielding in these specimens occur at increasing nominal stress levels
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consistent with the increase in the value of g, for material 2. Following the onset of macroscopic
yielding and after a finite amount of deformation, the stress carrying capacity of the specimens
with g, = 1000 MPa for the material 2, first decreases and then tends to saturate. Here as well,
the decrease in the stress carrying capacity of the specimens corresponds to the formation of kink-
bands and the nominal strain at the onset of the decrease in the stress carrying capacity decreases
while the rate of decrease of the stress carrying capacity increases with increasing value of o, for
material 2 (i.e., the increasing difference between the strength of the two materials in the bimetallic
layered composite specimens with a fixed layer thickness). Also, similar to the results presented
in Fig. 2 (but unlike the results presented in Fig. 4), the extent of decrease in the stress carrying
capacity in Fig. 6 for g, = 1000 for material 2, increases with increasing difference between the

strength of the two materials in the composite specimens.
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Figure 6. Nominal compressive stress-strain response of bimetallic layered composite
specimens with a fixed layer thickness of 30 nm and the yield strength of material 1 being fixed
to 500 MPa while that of material 2 being either 500 MPa, 1000 MPa, 1500 MPa or 2000 MPa.
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Figure 7. Contour plots of the effective plastic strain, &,;, in bimetallic layered composite

specimens with a fixed layer thickness of 30 nm but three values of the yield strength of material
2 at three imposed nominal compressive strain levels. The contour plots al-a3, b1-b3 and c1-c3
correspond to the specimens wherein the yield strength of material 1 is fixed to 500 MPa while
that of material 2 is taken to be either 1000 MPa, 1500 MPa or 2000 MPa, respectively. The
respective imposed nominal compressive strain levels for all the contour plots are marked with

dashed vertical lines on the stress-strain curves shown in Fig. 6.

Figure 7 shows the variation of the effective plastic strain, &, at three levels of imposed nominal

compressive strain in the bimetallic layered composite specimens with layer thickness 30 nm and

gy, = 1000 MPa, 1500 MPa and 2000 MPa for material 2. All of these three specimens with
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g, 21000 MPa for material 2 show decrease in the stress carrying capacity following the onset of
macroscopic yielding (see Fig. 6). As shown in Fig. 7, these specimens at least initially deform in
a barrel-like fashion but with continued deformation these specimens deform by kink-band
formation and kink-band widening. Although in all these three specimens the layer thickness is
the same, increasing the value of g, for material 2 (i.e., increasing the difference between the
strength of the two materials) in the bimetallic layered composite not only promotes the early onset
of kink-band formation but also results in the formation of finer kink-bands. Similar to Fig. 5, in
Fig. 7 as well, even though the specimens with g,, >1500 MPa for material 2 initially show signs
of two intersecting bands of effective plastic strain, only one of them finally evolves into a kink-
band in these specimens. The intersecting kink-bands in Fig. 7(a2-a3), and one in Fig. 7(b2-b3)
are roughly inclined at angles of +45° and -45°, respectively, while one in Fig. 7(c2-c3) is roughly

inclined at an angle of 50° with respect to the compression axis.

3.3 Effect of strain-hardening parameters

In this section, we focus on analyzing the effect of materials’ strain-hardenability characterized by
the values of the parameters, K and n in Eq. (1) on the formation of kink-bands. To this end, we
consider a specimen with a layer thickness of 30 nm and the value of o, being 500 MPa for material
1 and 2000 MPa for material 2; while the values of the elastic constants E and v are taken to be

the same as in Section 3.1.
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Figure 8. Nominal compressive stress-strain response of bimetallic layered composite
specimens with a fixed layer thickness of 30 nm and fixed values of the yield strength, 500 MPa
and 2000 MPa, for materials 1 and 2, respectively, but with three values of the strain-hardening
coefficient, K, and two values of the strain-hardening exponent, (a) n = 0.3 and (b) 0.5, for both

the materials.

Figure 8 shows the effect of strain-hardenability of the material on the nominal compressive stress-
strain response of bimetallic layered composite specimens. The results are shown for the values of
n =0.3 and 0.5, and for each value of n, the results are shown for values of K =0.1, 0.5 and 1.0,
taken to be the same for both the materials in the composite specimens. As expected, at the early
stages of deformation all specimens exhibit linear stress-strain response which is followed by a
small change in the slope of the curve and with continued deformation, all the specimens undergo
macroscopic yielding. Since the yield strength of both the materials in all three specimens is fixed,
the change in slope of the curves, as well as the macroscopic yielding, occurs roughly at the same
imposed nominal compressive strain levels. However, post macroscopic yielding the stress-strain
response of the specimens strongly depends on the value of K, while for a fixed value of K the

difference between the stress-strain response for n = 0.3, Fig. 8(a), and 0.5, Fig. 8(b), is rather
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small. As shown in Fig. 8, with increasing value of K, the stress-strain response of the specimens
exhibits an increase in the level of strain-hardening as well as an increase in the imposed nominal
compressive strain at the onset of the decrease in the stress carrying capacity of the specimens post

macroscopic yielding.

The variation of the effective plastic strain, &,;, in the three bimetallic layered composite

specimens wherein the value of n is taken to be 0.3 and that of K is taken to be either 0.1, 0.5 or
1.0 for both the materials at three levels of imposed nominal compressive strain are shown in Fig.
9. As shown in the figure, all three specimens initially tend to deform in a barrel-like fashion but
with continued deformation, these specimens deform by kink-band formation. The specimen in
Figs. 9(al-a3), with K = 0.1, exhibits post barreling deformation characterized by the abrupt
formation of a single fine kink-band spanning the entire width of the specimen. This kink-band
then undergoes stable widening at a roughly constant nominal stress. However, for specimens with
K >0.5, as shown in Figs. 9(b1-c3), the post barreling deformation occurs through the onset and
propagation of two relatively thick wedge-shaped kink-bands. These wedge-shaped kink-bands
originate from the two corners of the specimens and gradually expand across the width of the
specimen with progressive deformation. During this growth process, both the inclination and width
of the kink-bands tend to increase. In Fig. 9(a3), the single kink-band in the specimen with K =0.1
has a rough inclination of approximately 50°, while in Figs. 9(b3) and (c3), the two wedge-shaped
kink-bands in the specimens with K =0.5 and 1.0 are roughly inclined at £60° and +65°,
respectively, with respect to the compression axis. The formation and propagation of the wedge-
shaped kink-bands in Figs. 9(b1-b3) and (c1-c3) closely resemble those observed experimentally

in Cu-Nb bimetallic layered composites by Nizolek et al. (2015).
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Figure 9. Contour plots of the effective plastic strain, &,;, in bimetallic layered composite

specimens with a fixed layer thickness of 30 nm and fixed values of the yield strength, 500 MPa
and 2000 MPa, for materials 1 and 2, respectively, but for three values of the strain-hardening
coefficient, K, and one value of the strain-hardening exponent, n = 0.3, at three imposed
nominal compressive strain levels. The contour plots al-a3, b1-b3 and c1-c3 correspond to the
specimens wherein the values of the strain-hardening coefficient are taken to be 0.1, 0.5 and 1.0,
respectively, for both the materials. The respective imposed nominal compressive strain levels
for all the contour plots are marked with dashed vertical lines on the stress-strain curves shown

in Fig. 8.
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4. Discussion

The motivation for our work stems from the experimental observation of kink-band formation in
Cu-Nb bimetallic layered composites (Nizolek et al., 2017; Nizolek et al., 2015). In the
experiments, it was observed that under layer parallel compression, the mode of deformation of
Cu-Nb bimetallic layered composites changes from barreling to kink-band formation with
increasing layer refinement (i.e., decreasing layer thickness or increasing the number of layers
within a fixed sized specimen). To rationalize the experimental observations, we carried out
micromechanical analyses of deformation and instability in bimetallic layered composite
specimens subjected to layer parallel compression using plane strain finite element finite
deformation calculations. In the calculations, both the materials are assumed to follow rate-
independent isotropic elastic-plastic constitutive relation with an ad-hoc thickness dependent yield

strength.

Our results demonstrate that in line with our initial hypothesis, layer refinement, along with the
strength differential between the layers of the constituent materials, naturally captures the
transition in the mode of deformation from barreling to kink-band formation. Thus, the presence
of elastically stiff layers, geometric imperfections (such as layer waviness), and extreme plastic
anisotropy within the layers are not the necessary conditions for the occurrence of kink-banding
in these composite materials. We note that although we did not consider plastic anisotropy within
the layers, the strength differential between the constituent materials inherently introduces
anisotropy in the response of the composite material. Furthermore, other experimental

observations naturally emerged in our finite element calculations, including (i) an increase in the
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strength of the composite material, (ii) an enhanced propensity for kink-band formation, and (iii)

the formation of finer kink-bands as the layer thickness decreases.
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Figure 10. Nominal compressive stress-strain response of a bimetallic layered composite
specimen with a layer thickness of 30 nm, yield strength of 500 MPa and 2000 MPa for materials
1 and 2, respectively, and strain-hardening coefficient and exponent, 0.1 and 0.3, respectively
for both the materials. The distribution of effective stress, &, in the layers of material 1 at three
imposed nominal compressive strain levels are shown in the top row (A-C) and the same in the

layers of material 2 are shown in the bottom row (a-c).
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To elucidate the effect and the mechanism of kink-band formation in bimetallic layered composite
specimens, we analyzed the evolution of effective stress, Fig. 10, and plastic strain, Fig. 11, in the
individual layers of the two materials. The results in Figs. 10 and 11 are for a specimen with a
layer thickness of 30 nm. The values of g,, for materials 1 and 2 are taken to be 500 MPa and 2000
MPa, respectively, while the values of all other parameters are the same as in Section 3.1. As
shown in Figs. 10(A) and (a), following the macroscopic yielding the level of effective stress in
the layers of (softer) material 1 is less than that of the layers of (harder) material 2. This is expected
as the composite is nominally subjected to iso-strain compression. However, as shown in Fig. 11,
the distribution of effective plastic strain in the individual layers of the two materials in a small
region (marked with a dashed box in Figs. 10A and a) which is eventually engulfed by the kink-
band in the specimen is remarkably distinct even before the onset of any macroscopic instability.
The distribution of plastic strain in the layers of the softer material is discrete, Fig. 11(a), while in
the layers of the harder material is wavy, Fig. 11(b), at an imposed nominal strain level marked ‘i’
on the stress-strain curve in Fig. 10. It is important to note that the size and spacing of the discrete
pockets of plastic strain in the layers of the softer material, as well as the wavelength of the wavy
profile of the plastic strain in the harder material, are significantly smaller than the overall length
of the layers. The plastic strain within all the discrete pockets in the layers of the softer material
and along the entire waveform in the layers of the harder material initially continues to increase
(see figures labeled ‘i’ in Fig. 11) with increasing deformation. Next, with further increase in the
imposed deformation (see figures labeled ‘iii’ in Fig. 11), the plastic strain increases more in a few
select pockets in the layers of the softer material and at a few select locations along the waveform
in the layers of the harder material resulting in localized plastic deformation at the specimen scale.

Finally, the layers of both the materials within the localized plastic deformation band start to rotate
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rapidly leading to the formation of a kink-band (see figures labeled ‘iv’ in Fig. 11). Note that as
the kink-band forms, the layers of both the materials immediately outside the kink-band undergo
unloading with the extent of unloading being greater in the layers of the softer material compared
to that of the harder material, Figs. 10(B) and (b). Finally, once the kink-band is fully developed,
continued deformation involves kink-band widening during which no further unloading is
observed anywhere in the specimen and the deformation continues at roughly constant nominal

stress (see Figs. 10C and c).
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Figure 11. The distribution of effective plastic strain, &,;, in the layers of (a) material 1 and that

of (b) material 2 in the region marked with dashed boxes in Figs. 10A and a, respectively, at
four imposed nominal compressive strain levels marked with dotted vertical lines (labeled i-iv)

on the stress-strain curve shown in Fig. 10.
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The full animation of the process of kink-band formation described with a few snapshots in Figs.
10 and 11 are provided in the Supplementary Movie S1. Furthermore, in the Supplementary Movie
S2, a zoomed-in view of another region that did not eventually form kink-band is also shown.
From the Supplementary Movie S2 it can be seen that in this region as well, the distribution of
effective plastic strain and stress in the layers of the softer material is discrete while in the layers
of the harder material is wavy before the onset of any macroscopic instability in the specimen.
Also, the plastic strain and stress within all the discrete pockets in the layers of the softer material
and along the entire wave-form in the layers of the harder material initially increase with increasing
deformation. However, once a kink-band forms in the specimen, the layers of both the materials

in the zoomed-in region shown in the Supplementary Movie S2 undergo unloading.

We also carried out parametric studies to understand the individual effects of layer thickness and
the difference between the strength of the constituent materials on kink-band formation in the
bimetallic layered composites. Our results demonstrate that there is a critical layer thickness below
which, for a fixed value of strength differential between the layers of the constituent materials, the
mode of deformation of the composite transitions from barreling to kink-band formation.
Additionally, for a fixed layer thickness, there exists a critical value of the strength differential
above which the same mode transition occurs. Our results also show that refining the layer
thickness below the critical value as well as increasing the difference between the strength of the
two materials above the critical value not only promotes early kink-band formation but also results
in finer kink-bands. These effects result from both layer refinement and an increase in the strength
differential, which contribute to enhanced local deformation heterogeneity and subsequently

increase the propensity for instability. Furthermore, the results of our parametric studies
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demonstrate that the extent of decrease in the nominal stress carrying capacity of the material after
the initiation of kink-band formation primarily depends on the extent of strength differential
between the strengths of the two materials in the composite specimens, rather than on the thickness

of the layers.

Our parametric studies aimed at understanding the effects of materials’ strain-hardenability on the
kink-band formation in bimetallic layered composites show that increasing the strain-hardenability
of the materials results in rather stable kink-band formation; and a simultaneous increase in both
stress and strain levels at the onset of kink-band formation. More importantly, our results show
that increasing the strain-hardenability of the materials in the bimetallic layered composites leads
to a transition from the abrupt formation of through-width kink-band to onset and propagation of
inclined wedge-shaped kink-bands across the width of the specimen (see Supplementary Movie
S3). Similar kink-band onset and propagation sequence was observed in the experiments on Cu-
Nb nanolayered composites (Nizolek et al., 2015). The inclined wedge-shaped kink-bands in the
specimens are analogous to inclined-cracks with mixed Mode-I and Mode-II components as

observed in the experiments (Nizolek et al., 2017).

The effects of materials’ strain-hardenability on kink-band formation in bimetallic layered
composites, as demonstrated here, differ somewhat from the observations made in fiber-reinforced
polymeric composites (such as carbon fiber in an epoxy matrix or glass fiber in a polyester matrix).
In the latter case, where the fiber-matrix elastic stiffness ratios are considerably higher, the strain-
hardenability of the matrix material does not significantly impact the critical stress at the onset of

kink-band formation (Budiansky and Fleck, 1993). Additionally, in fiber-reinforced polymeric
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composites, the ultimate orientation and width of the kink-bands are primarily governed by the

bending strength of the stiff fibers (Hsu et al., 1998).

We also carried out limited analyses of bimetallic layered composites subjected to layer normal
compression. A representative result of these analyses is presented in Supplementary Figure S2.
In this specific example, the composite had layer thicknesses of 30 nm for both materials. Material
1 had a yield strength of 700 MPa, while material 2 had a yield strength of 2000 MPa, in accordance
with the Hall-Petch effect described in Section 3.1. The strain-hardening coefficient and exponent
were set to 0.1 and 0.3, respectively, for both materials. As observed in the figure, during the initial
stages of deformation, the specimen exhibits a linear stress-strain response, which is subsequently
followed by a slight change in the slope of the curve. This transition is succeeded by macroscopic
yielding. Post macroscopic yielding, the nominal stress-strain response of the material exhibits
slight strain-hardening followed by eventual softening. Notably, despite the significant difference
in strength between the two materials, co-deformation is observed locally in the layers of both
materials, while macroscopically, the specimen initially deforms in a barrel-like fashion. As
deformation continues, localization occurs in two intersecting shear-bands roughly inclined at
+45° with respect to the compression axis. These findings in Supplementary Figure S2 closely
resemble experimental results by Snel et al. (2017) on Cu-Nb bimetallic layer composites with a

layer thickness of 34 nm.

In our calculations, we assume that the layer thickness-dependent strength of the two constituent
materials (Cu and Nb) in the bimetallic layered composites follows Hall-Petch relations, based on

characterization performed using results obtained from bulk materials. This is because a separate
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characterization of the effect of layer thickness on the yield strength of the constituent materials in
the composite is currently unavailable. Although the grain morphology within the composite layers
differs significantly from that of the bulk materials, the size-dependent macroscopic yield strength
results obtained for the Cu-Nb layered composites in this work align with those observed
experimentally in Nizolek et al. (2015) and Snel et al. (2017). This may be because both layer
parallel and layer inclined slip in these composite materials contribute to their deformation (Zhang
et al., 2022), and thus, assuming layer thickness as the critical size for Hall-Petch strengthening is
seemingly sufficient to capture their size-dependent stress-strain response. Furthermore, in our
calculations, the isotropic strain-hardenability of the constituent materials leads to the transition
from the abrupt formation of through-width kink-bands to the onset and propagation of wedge-
shaped kink-bands. However, it can be hypothesized that confined layer slip in the composite
layers strongly depends on the orientation of the layers with respect to the compression axis. As
the layers rotate (within the kink-band), the slip resistance within the layers evolves, resulting in
anisotropic strain-hardening. This anisotropy can stabilize the kink-banding process and lead to
the onset and propagation of stable kink-bands, as observed in experiments. To better capture the
size and orientation-dependent strength and strain-hardenability of the constituent materials, a
comprehensive non-local material model similar to that presented in Zecevic et al. (2023) can be
utilized within the boundary value problem solved here. Such an analysis will also provide a deeper
understanding of the microstructural evolution within the kink-bands, such as the accumulation of

geometrically necessary dislocations and the formation of tilt geometrically necessary boundaries.
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5. Concluding remarks

We carried out extensive plane strain finite element finite deformation calculations to understand
and rationalize the experimentally observed kink-band formation in bimetallic layered composites
when subjected to layer parallel compression. While we made assumptions to simplify the
problem, several features of kink-band formation observed in the experiments such as the
transition in the mode of deformation from barreling to kink-band formation with increasing layer
refinement (i.e., decreasing layer thickness) naturally emerged in our calculations. These factors
also naturally captured the formation of shear-bands in these composite materials when subjected
to layer normal compression, as observed in the experiments. Additionally, we carried out
parametric studies to understand the individual effects of layer thickness, strength differential
between the two constituent materials and strain-hardenability of the materials on kink-band

formation. The key conclusions of our work are as follows:

e Layer refinement, together with the strength differential between the layers of the constituent
materials, alone constitutes ‘sufficient conditions’ to trigger kink-banding in bimetallic layered

composites.

e The distribution of effective plastic strain in the individual layers of the constituent materials
is remarkably distinct even before the onset of any instability. Specifically, the layers of the
softer material exhibit a discrete distribution of plastic strain, while the layers of the harder
material exhibit a wavy pattern. The interaction between these distinct local deformation

patterns in the layers of the two materials eventually triggers the formation of kink-bands.
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e For a fixed strength differential between the constituent materials, refining the layer thickness
below a critical value, as well as increasing the strength differential above a critical value for
a fixed layer thickness, not only promotes early kink-band formation but also results in the

formation of finer kink-bands.

e The extent of decrease in the stress carrying capacity of the material after the onset of kink-
band formation in bimetallic layered composites is found to depend significantly on the

strength difference between the two materials rather than on the thickness of the layers.

e An increase in the strain-hardenability of the materials in bimetallic layered composites leads
to a simultaneous increase in both stress and strain levels at the onset of kink-band formation.
Moreover, increasing the strain-hardenability of the constituent materials induces a transition
from the abrupt formation of through-width kink-bands to the onset and propagation of stable

inclined wedge-shaped kink-bands.

We would like to note that, during the review process, an anonymous reviewer pointed out that the
banding produced by the present analysis does not have the same characteristics as those of kink-
bands in layered materials such as epoxy/fiber composites. According to the reviewer, the
localization reported in the bimetallic composite specimens subjected to layer parallel compression

in the present work appears to be closer to shear-bands.
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Figure S1. A comparison of the effects of material (Mat) and geometric (Geo) perturbations
(Pert) on the nominal compressive stress-strain response is presented for two bimetallic layered
composite specimens with aspect ratios AR (h/w) of 2 and 4. These specimens were subjected
to layer-parallel compression under identical boundary and loading conditions, as described in
Section 2 of the manuscript. For both specimens, the layer thicknesses of both materials are 30
nm. The yield strength of material 1 is 500 MPa, while that of material 2 is 2000 MPa. Both
materials have a strain-hardening coefficient, K = 0.1, and an exponent, n = 0.3.

The material perturbation implies a random +1% perturbation in the values of o, of the

individual layers, while the geometrical perturbation implies a one-degree tilt in the interfaces
between the layers of materials 1 and 2, as shown schematically in the figure insert.

The nominal strain (&,,,,) at the drop in the load-carrying capacity for the specimen with AR=2

subjected to geometrical perturbation is 7% less than that with material perturbation, while for
the specimen with AR=4, it is 12% less.
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Figure S2. From left to right: Nominal compressive stress-strain response of a bimetallic
layered composite specimen subjected to layer normal compression. Schematic representation
of a plane strain finite element model of a bimetallic layered composite subjected to layer normal
compression. Deformed shape of the specimen at an imposed nominal strain of 0.1. Zoomed
view of the deformed shape revealing the formation of a shear band. The layer thicknesses of
both materials are 30 nm, and their material properties are the same as described in Section 3.1
of the manuscript.

The overall in-plane dimensions, height (h) and width (w), of the specimen modeled are 3.6 um
and 1.8 um, respectively, giving an aspect ratio (h/w) of 2. The deformation of the specimen is
constrained in both the x and y directions on the bottom surface (y = 0 surface), and only in the
x direction on the top surface (y = 3.6 um in the reference configuration). The top surface is
subjected to deformation along the y —axis. All other aspects of the numerical method are the
same as described in Section 2 of the manuscript.
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Movie S1 (Supplementary video 2). Full animation of kink-band formation in a specimen of a
bimetallic layered composite together with the zoomed-in views of a small region that is eventually
engulfed by the kink-band. In the bimetallic layered composite specimen shown here, the thickness
of all layers is 30 nm, the yield strength of materials 1 and 2 is 500 MPa and 2000 MPa,
respectively, and the strain-hardening coefficient and exponent for both the materials are 0.1 and
0.3, respectively. (a) The evolution of effective plastic strain. (b) The evolution of effective stress.
(c) Nominal compressive stress-strain response of the specimen. (d)-(e) The evolution of effective
plastic strain and effective stress in the layers of material 1 and (f)-(g) that of material 2 in the
region marked with a dashed box in Figs. (a) and (b).

Movie S2 (Supplementary video 3). Full animation of kink-band formation in a specimen of a
bimetallic layered composite together with the zoomed-in views of a small region away from the
kink-band. In the bimetallic layered composite specimen shown here, the thickness of all layers is
30 nm, the yield strength of materials 1 and 2 is 500 MPa and 2000 MPa, respectively, and the
strain-hardening coefficient and exponent for both the materials are 0.1 and 0.3, respectively. (a)
The evolution of effective plastic strain. (b) The evolution of effective stress. (c) Nominal
compressive stress-strain response of the specimen. (d)-(e) The evolution of effective plastic strain
and effective stress in the layers of material 1 and (f)-(g) that of material 2 in the region marked
with a dashed box in Figs. (a) and (b).

Movie S3 (Supplementary video 4). Full animation of kink-band nucleation and growth in a
specimen of a bimetallic layered composite together with the zoomed-in views of two small
regions further showing nucleation and growth of the kink-band. In the bimetallic layered
composite specimen shown here, the thickness of all layers is 30 nm, the yield strength of materials
1 and 2 is 500 MPa and 2000 MPa, respectively, and the strain-hardening coefficient and exponent
for both the materials are 1.0 and 0.3, respectively. (a) The evolution of effective stress. (b) The
evolution of effective plastic strain. (¢) Nominal compressive stress-strain response of the
specimen. (d)-(e) The zoomed-in views of the progressive deformation and evolution of effective
plastic strain in the regions marked with dashed boxes in Fig. (b).
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