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Plastic deformation mechanisms in metalemetal nanolayer composites (nanolaminates) have been
studied extensively during the last decade. It has been observed that, for the case of metalemetal
nanolaminates with a semicoherent interface, such as Cu/Nb, low interface shear strength increases
the interface barrier to dislocation crossing, which improves nanolaminate plasticity. In this study, we
use Cu (63 nm)/Nb(63 nm) accumulative roll-bonded nanolaminates, which have a large anisotropy of
the interface shear strength between rolling and transverse directions (RD and TD, respectively), to study
the effect of interface shear strength on the failure in metalemetal nanolaminates with a semicoherent
interface during in situ clamped beam bending. Further, finite element analysis is used to understand the
observed behavior. The results show a substantial difference between the fracture behaviors along the RD
and TD owing to differences in the interface shear strength and grain size. For the RD beams, the slip
bands originate from the Nb layers at the notch/crack tip followed by crack propagation along these
bands. For the TD beams, the crack propagation is inhibited by interface shear. We suggest that shear
bands form subsequently through the beam and lead to the final beam failure. However, under the
assumption of the presence of the grain boundaries near the stress concentration zone, the interface
shear in the TD beams could be inhibited. In this case, the crack growth can be attributed to the for-
mation of microcracks at grain boundaries beside the main crack.

© 2018 Published by Elsevier Ltd on behalf of Acta Materialia Inc.
1. Introduction

Combining materials into nanolayer composites (nano-
laminates) is one of the most promising approaches to design new
structural materials. A high density of interfaces in the nano-
laminates may alter their deformation mechanisms, which may
lead to superior strength, ductility [1], radiation damage resistance,
etc. [2] It has been observed that plastic deformation of
metalemetal nanolaminates is governed by dislocationeinterface
interactions. [1] As for metalemetal nanolaminates with a semi-
coherent interface, low interface shear strength increases their
interface barrier to slip transmission, thus improving their strength
and ductility [1,3e6]. Hence, low interface shear strength is
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preferable in order to enhance plasticity in metalemetal nano-
laminates with a semicoherent interface.

Chan et al. predicted that the presence of interface shear or
delamination might reduce stress concentration around the crack
tip in laminate materials if the crack propagated across the layers
[7]. This indicates that low interface shear strength may also
improve the fracture resistance of metalemetal nanolaminates
with semicoherent interfaces. However, no interface shear or
delamination during fracture has been observed for metalemetal
nanolaminates with a semicoherent interface [8e10], including in
situ transmission electron microscope (TEM) observations [11].
Nevertheless, most of the published fracture studies have been
performed under uniaxial tensile stress along the layers [9,11e16].
The uniaxial tensile stress may not provide sufficient stress for
delamination or shear of the interface. Interface delamination or
shear can be promoted if the loading conditions are changed to
bending. Wu et al. reported an ex situ observation of bending
fracture in Cu/Nb, Cu/Cr, and Cu/Mo nanolaminates after buckling
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[10,17e19]. During buckling, a reduction in the plasticity of the
nanolaminates was observed when the plastic deformation
mechanism changed from confined layer slip to interface crossing
of single dislocations with a reduction of the soft layer thickness.
While no evident interface shear or delamination was reported by
them for the tested materials, interface shear might not be
observed in these ex situ studies, which were focused on layer
thickness dependence where the interface shear strength does not
change significantly. The interface shear, if present, can be observed
using in situ imaging techniques.

To investigate how the crack propagation in nanolaminates is
affected by their interface shear strength, wemust satisfy twomain
requirements: (1) a sufficient number of images can be collected
during crack growth; (2) the only mechanical/microstructural
property difference between the measurements is the interface
shear strength (or differences in other mechanical/microstructural
properties have a minimal effect on fracture). We can satisfy the
first requirement if a clamped beam geometry under displacement
control [20] is used to study the fracture. For the second require-
ment, we can utilize the anisotropy of mechanical properties in
Cu/Nb accumulative roll-bonded (ARB) nanolaminates. Molecular
dynamics simulations by Demkowicz et al. predicted that Cu/Nb
ARB interface does not shear (has infinite shear strength) in the
rolling direction (RD) and has 1.2 GPa interface shear strength in
the transverse direction (TD) [21]. Further, the plastic and elastic
anisotropies in Cu/Nb ARB nanolaminates are determined to not
exceed 12% for a layer thickness of 65 nm, as can be observed from
stress vs. strain curves, reported by Nizolek et al. [22].

In this study, we investigate the effect of interface shear strength
on a cross-layer fracture of Cu(63 nm)/Nb(63 nm) ARB nano-
laminates using in situ clamped beam bending with a scanning
electron microscope (SEM) at room temperature.
2. Methods

2.1. Experimental details

A Cu(63 nm)/Nb(63 nm) nanolaminate was fabricated via ARB at
the Los Alamos National Lab, USA. The Cu/Nb ARB process consists
of repeated sequence of rolling (in the same direction relative to the
sample), sectioning, stacking, bonding, and rerolling of alternating
pure Cu and Nb layers of initially equal thickness with half Cu layers
on the top and bottom. The number of layers is doubled and the
individual layer thickness is decreased after each process iteration.
The resulting nanolaminate is polycrystalline. Moreover, a stable
crystallographic texture is formed when the layer thickness be-
comes less than approximately 200 nm: the prevailing interface
Fig. 1. Clamped beam bending setup. (a) Schematic of the FIB milling of the beams along R
symbol. The Cu and Nb layers lie in the plane, perpendicular to the normal direction (ND). (b
notch is located at the center of the beam. The arrows indicate the sample coordinate syst
plane becomes f112gCu k f112gNb, the orientation along the RD
and TDd 〈111〉Cu k 〈110〉Nb and 〈110〉Cu k 〈111〉Nb, correspond-
ingly. If the layer thickness is 63 nm, most of the layers contain only
one grain across their thickness. Further details of the ARB process
and the texture evolution in Cu/Nb can be found in Refs. [23,29].

The as-received free-standing Cu/Nb ARB sample was polished
mechanically on the top and side surfaces to remove surface cracks
and mechanically damaged zones. The surfaces were further pol-
ished using focused ion beam (FIB). This was followed by milling
the rectangular cross-section beams, as shown schematically in
Fig. 1a. After milling, the side surfaces of the beams were cleaned
using a low-current FIB to remove the fragile layer of material,
which was redeposited onto the beam surfaces during the milling
process (see Fig. S1).

Two beams along the RD and four beams along the TD were
investigated. All the beams had either of two target geometriesd
20 mm� 3 mm x 3 mm or 40 mm� 5 mm x 5 mm. All the beams had
rectangular notches at their centers, as shown in Figs. 1b and 2.
Owing to the limited accuracy of FIB, the actual beam geometries
were up to 17% different from the target geometries. The notch
depths were between 1/5 and 1/3 of the corresponding beam
heights. The notch widths were between 100 nm and 360 nm. A full
list of the tested beam geometries is given in Table S1.

In situ beam bending was performed using Hysitron PI-85
picoindenter, equipped with a doped diamond flat indenter tip,
inside an SEM (JEOL JSM-7600 F) at room temperature, as shown in
Fig. 1b. The tip had a truncated cone shape with a flat surface of
diameter 5 mm. All the experiments were performed in the
displacement control mode with constant displacement rates be-
tween 5 nm s-1 and 10 s-1. The instrumental error for the load
measurement did not exceed 0.3 mN for all the experiments. Ther-
mal drift was estimated at constant 5 mN load before each test and
was subsequently used to correct the displacement measurement
data. Special carewas taken to align the tip position to themiddle of
the beamwidth owing to fracture sensitivity to torsion (see:Fig. S2).

Low-angle backscattered electron images were collected for all
the beams before and after the bending to identify the individual
layer materials (the typical image is shown in Fig. S3). These images
were subsequently used to identify Cu and Nb in the in situ videos
with weaker SEM contrast.
2.2. Finite element analysis details

The experimental setup was simulated using quasi-static two-
dimensional (2D) finite element (FE) model using a commercial FE
package, ABAQUS/Standard, as shown in Fig. 2. The deformation
and stress fields near the notch were studied to understand the
D and TD. The loading during the bending is indicated by the arrows, labeled with “F”
) Side view of the beam before bending. The indenter tip is aligned with the notch. The
em and the direction of the loading.



Fig. 2. Schematic of the FE model used to calculate deformation and stress field near the notch tip for the RD and TD Cu/Nb ARB beams. All the dimensions are in mm.
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observed notch widening and fracture behavior for RD and TD
beams with various notch widths. The model was meshed using 2D
plane strain elements with quadratic shape function
approximation.

The loading tip was modeled as a rigid surface as its Young's
modulus is large in comparison with that of Cu and Nb. The inter-
action between the beam and the loading tip was simulated using
frictionless surface-to-surface contact definition.

As the material away from the beam (the base region in Fig. 2)
did not undergo a large deformation, it was approximated to be an
isotropic material with material properties calculated from the rule
of mixtures for Cu and Nb, as shown in Table S2. For this region, a
coarse mesh was used (see Fig. S4).

Significant deformation was observed in the beam region (see
Fig. 2) during the loading and, hence, the nanolayers were explicitly
modeled in this region. The nanolayer thickness was modeled to be
64 nm, which is close to the average nanolayer thickness of 63 nm
in the Cu/Nb samples. Each layer was meshed with four rectangular
elements across the thickness. The elements in the proximity of the
notch were ensured to be a square. The individual layer materials
were assumed to be isotropic and elasticeplastic with kinematic
hardening, as presented in Table S2. The yield strength and hard-
ening rate were approximated to reproduce the measured average
tensile yield strength, hardening rates, and the proposed ratio of Cu
and Nb plastic properties reported by Nizolek et al. for Cu(65 nm)/
Nb(65 nm) ARB in RD [22]. Strain softening and fracture were not
modeled owing to the complicated nature of the nanolaminate
plasticity, which may not be well approximated using the reported
tensile loading data from Ref. [22] at large strains. The same elastic
and plastic properties were used to model the beams in TD as the
plastic anisotropy of Cu/Nb ARB is not sufficient to change the
trends observed in the FE analysis.

The interaction between individual layers in the beam region is
the most important aspect of this FEmodel. The interface shear was
modeled using cohesive zone model (CZM) [24]. In ABAQUS, the
CZM can be implemented in two ways: (1) cohesive elements and
(2) surface-based cohesive behavior. However, the surface-based
cohesive behavior is more suitable for the cases with negligible
bond layer thickness, similar to the problem at hand. Hence,
surface-to-surface contacts with cohesive behavior (maximum
stress damage initiation criterion and linear damage evolution)
[24,25] were used to model the interaction between the individual
layers.

Normally, cohesive surface-to-surface contact is used to model
delamination of the bonded layers where surfaces are separated
once damage initiation criterion is satisfied and the bonding is fully
degraded. However, the interface shear does not involve surface
separation. An additional “no separation” constraint was used and
the surfaces were allowed to reattach after the bond failure to
model interface shear, but to deny delamination or mode II crack
along the interface.

Cohesive surface-to-surface contact can be defined using five
parameters: normal and tangential (shear) stiffness, damage
degradation rate, and maximum normal and tangential (shear)
stresses. The normal and shear stiffness were selected to be same
for the RD and TD beams and as large as possiblewhile ensuring the
overall model convergence. Damage degradation rate was opti-
mized to achieve the best fit with the experimental load vs.
displacement curves (it mostly influences details of the curve
shape, but not the simulated load magnitudes). The maximum
normal stress did not play a role in the model owing to the “no
separation” criterion. The maximum shear stress corresponds to
the interface shear strength and was the only material property,
which was different between the RD and TD beam models. For the
RD beams, it was selected to be sufficiently large to restrict interface
shear in accordance with the previously predicted absence of
interface shear along the RD in Cu/Nb ARB [21]. However, for the TD
beams, a reduction in interface shear strength from 1.2 GPa (as
suggested by Demkowicz et al. [21]) to 0.7 GPa provided a better fit
of the experimentally observed load vs. displacement curve. The
values of the cohesive surface parameters are listed in Table S2.

The model was validated by comparison of the notch widening
and load vs. displacement curves obtained from the model with
experimental observations for the RD and TD beams with similar
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dimensions (RD2 and TD4 beams as in Table S3). The beam and
notch sizes in the model were maintained close to the corre-
sponding real beam geometries (the exact beam and notch sizes
used in the model are listed in Table S3). The load vs. displacement
curvematched verywell for the TD beams andmatched up to a load
of 2.5mN for the RD beam (see Fig. S5), and the trend for notch
widening difference was also correctly captured by the model. The
load vs. displacement curve for the RD beam did not match for the
loads above 2.5mN as the experimentally observed large plastic
deformations in the layers at the notch tip and crack growth were
not captured by the model.

Subsequently, the model was used to study the influence of the
initial notch width and interface shear strength on the stress state
near the notch. All other beam and notch dimensions were main-
tained the same in this case. The details of the modeled beam ge-
ometries are summarized in Table S3. The mesh convergence study
was conducted for the RD and TD beams with the narrowest notch
width to ensure that the observed stress behavior is not affected by
the mesh element size. The stress state converged for both TD and
RD beams except the regions near the notch corners, which are
geometric singularities and cannot be converged with the mesh
size. The mesh size was selected to ensure that the regions affected
by singularities did not affect the average stress in at least two
layers above and below the notch and half of the maximum notch
width away from the notch corners. The maximum stresses near
the notch were obtained from the singularities leading to stress
overestimation in Fig. 7b. Nevertheless, stresses at the singularities
can be still used to compare the trends for stress increase/decrease
and even their magnitudes if the material properties, mesh size,
and calculated stresses are comparabled i. e., the stresses at sin-
gularities can be directly compared for the TD beams with different
notch widths; the stress increase/decrease trends can be compared
for all the simulated beams (it was also confirmed by comparing the
average stress evolution near the notch region, which is converged
with the mesh size). Further detailed discussion of the mesh
convergence study can be found in Section S1.3.

3. Results and discussion

A typical fracture across the layers in Cu(63 nm)/Nb(63 nm) ARB
nanolaminates during the clamped beam bending is shown in
Fig. 3. It is apparent that such failure differs between the RD beams
Fig. 3. Typical failure evolution of the Cu/Nb ARB RD beam (aed) and TD beam (eeh). For
shown), growth (c) and final failure (d). The crack growth direction is changing during cr
maximum (immediately before crack initiation) notch width increase is much larger than th
notch (either Cu or Nb), the shear instability appears in the TD beam (g) until the affected zo
0.1)mm x (5.4þ-0.1)mm for the RD beam (RD1 in Table S1) and (39.5þ-1)mm x (5þ-0.1)mm x (
Video S1 and Video S3 for the RD and TD beams, respectively.
and TD beams. However, one of the TD beams does not follow the
common failure pattern as will be discussed in the following sec-
tion, though its failure is still different from that of the RD beams.

The typical load vs. displacement graphs for the RD and TD
beams are shown in Fig. 4a and b. The load vs. displacement graph
for the abnormal TD beam is shown in Fig. 4c. The elements of the
graph will be discussed further in the paper in relation with the
corresponding SEM observations.

For all the beams, we can distinguish three main failure stages:
(1) notch widening; (2) crack initiation and propagation and, (3)
final failure.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.06.023.

3.1. Notch widening

The notch widening stage corresponds to the initial beam
deformation before the crack appears near the notch tip.

There is a significant difference in the notch widening stage for
most of the TD and RD beams, as shown in Fig. 5. The maximum
relative notch width increase before crack initiation is between 50%
and 100% for the RD beams; for the TD beams, it can exceed 400%.

The notch widening for the RD beams is associated with large
plastic deformations within the layers at the notch tip, as shown in
Fig. 5a and b. The deformations differ depending on the material of
the layer at the notch tip. If the Nb layer is located at the notch tip,
its plastic deformation is highly localized along the narrow bands,
as shown in Fig. 5a,d, leading to crack formation (Fig. 5d and a
sudden slope change in region #1 in Fig. 4a). Notably, the exact
location of the plastic strain localization may depend on the notch
tip shape, but the strain localization seems to be a common failure
mechanism in Nb layers as will be discussed in Section 3.2. In
contrast, the more plastic Cu layers neck in the middle of the notch,
as shown in Fig. 5b. As will be discussed in Section 3.2, this dif-
ference in plasticity influences the crack initiation.

The actual values of the plastic deformation around the tip
cannot be precisely determined using in situ SEM observation, but
the average tensile plastic strain in the layer at the notch tip is
comparable to the relative notch width increase. For example, the
observed average plastic strain for the beam shown in Fig. 5b is
more than 50%. Such a large plastic strain is similar to that in thin
metallic films on flexible substrates [26]. If the dislocations do not
the RD beam, the initial notch width (a) increases (b) followed by crack initiation (not
ack propagation, which is shown in detail in Video S1. For the TD beam, the relative
at for the RD beam (b,f). After the crack propagates through one or a few layers at the
ne fails (h). The beam geometries (length x thickness x width) are (42þ-1)mm x (4.4þ-
4.8þ-0.1)mm for the TD beam (TD1 in Table S1). The details of the failures are shown in

https://doi.org/10.1016/j.actamat.2018.06.023


Fig. 4. Typical load vs. displacement curves for the RD (a), and TD (b) beams, and a TD beam showing abnormal behavior (c). For the typical RD beam (a), the notch widening and
failure of the first layer at the notch tip (#1) is followed by the formation of a new pair of shear instabilities at the crack tip (#2) and a new sequence of crack growth along the
instability and instability formation at the crack tip (#3). When the crack tip becomes closer to the beam surface, a long instability is formed (#4) and the crack continues to grow
along it (#5), which corresponds to the final beam failure. For the typical TD beam (b), the notch widens (#1) until the crack at the notch tip fails by necking (not visible). It is
followed by further widening at the subsequent layer, which has not yet failed (#2). Eventually, the shear instabilities form between the widened notch corners and the indenter tip
corners (#3). One of these shear instabilities fails (#4), which corresponds to the final beam failure. For the TD beam showing abnormal failure (c), the initial notch widening (#1) is
interrupted because of the sharp crack initiation (#2) and growth (#3) until the beam fails.

Fig. 5. Comparison of the notch widening between the RD and TD beams. The notch widening in the RD beams depends on the material of the layer at the notch, though the relative
maximum notch width increase is almost the same (a,b). If the Nb layer is at the notch of the RD beam (a), the deformation causes the formation of shear instabilities and crack
initiation along one of the formed instabilities (d). If the Cu layer is at the notch of the RD beam (b), the layer at the notch tip deforms leading to Cu layer necking (inset in (b)).
Similar layer deformation occurs in the TD beamdit also necks (regardless of which layer material is at the notch tip), but the maximum notch width is much larger in comparison
with the RD beam. The minimum (initial) and maximum (immediately before crack initiation) notch widths are shown in all the figures. The material of the layers at the notch tip
was determined based on the low-angle backscattered electron detector images in SEM (Fig. S3).
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cross the interface between the layers but can escape to the surface,
the plasticity of the layer may increase as layer necking is con-
strained [26]. Hence, the plastic strain limit is much larger in
comparison with the standalone layers and depends on the inter-
face adhesion strength, the interface dislocation crossing barrier (at
the applied strain), and the critical tensile strength of the layer.

Plasticity of the layer at the notch tip alone cannot explain why
the notch widening in the TD beams can be more than six times
larger than that in the RD beams. We propose that the notch
widening here is due to the layer sliding at the interface near the
notch tip (interface shear). This hypothesis is consistent with pre-
viously reported molecular dynamics simulations. The simulations
predicted an anisotropy of interface shear strength in the most
common Cu{112}/Nb{112} interface in Cu/Nb ARB nanolaminate
[23]. The interface shear is not possible along the RD (interface
shear strength is infinite) whereas the shear strength is 1.2 GPa
along the TD [21]. Therefore, interface shear can be one of the
reasons for the observed large notch widening in the TD beams.

The interface shear alone may not be sufficient to increase the
notch width by 400%. To verify this, we compared the stresses and
deformations near the notch tip using FE simulations for large and
small interface shear strengths (see Section 2.2). As expected, the
FE-calculated notch widening in the TD and RD beams is consistent
with the experimental observationsdnotch widening in the TD
beams is much larger than that in the RD beams. It can even exceed
400% if the initial notch width is small (Fig. 6a). Moreover, the
calculated notch widening in the TD beams has a weak negative
correlation with the initial notch width, whereas the correlation is
positive for the RD beams. This difference indicates that plasticity is
themain cause of the notch widening in the RD beams, whereas the
influence of interface shear prevails in the TD beams.

The interface shear can explain the observed notch widening of
three out of the four TD beams (Videos S3, S4, S5). However, one out
of the four TD beams does not have a significant notch widening,
but demonstrates early crack initiation (see Video S6 and load
drops in Fig. 4c). This behavior will be discussed in detail in Section
3.2.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.06.023.

Notably, it is not possible to claim that there is no interface shear
present in the RD beams, despite predictions of the previous mo-
lecular dynamics study [21]. An increased asymmetric notch
widening in the RD beamswas observedwhen the applied loadwas
not symmetric across the beam width, as shown in Fig. S2. The
effect was not apparent when the loading was symmetric across
the beamwidth, but one cannot claim that it was not present at all.
Nevertheless, it should correspond to significantly larger interface
shear strength (in accordance with the formation of the observed
slip bands as will be discussed in Section 3.3) and does not have a
significant effect on the fracture in comparison with the TD beams
for the case of symmetric loading.

3.2. Crack initiation and propagation

Crack initiation is a consequence of the stress and strain states
near the notch during the notch widening.

https://doi.org/10.1016/j.actamat.2018.06.023


Fig. 6. FE simulation of the stress and deformation state near the notch tip for different initial notch widths (other beam dimensions remain same) in the RD and TD beams. (a)
Notch width change at the applied load of 3.4mN for different initial notch widths for the RD and TD beams with the Nb layer at the notch tip (the notch width change in the TD
beams is always larger than that in the RD beams: for all the applied large loads and for the case when Cu layer is at the notch tip, as shown in Fig. S23b). (b) Maximum tensile stress
along the beam length direction near the notch vs. applied load for different initial notch widths in the RD and TD beams with the Nb layer at the notch tip. The monotonic stress
magnitude increase in the RD beams and stress magnitude decrease after exceeding a certain load in the TD beams are observed for the shear stress component, for the beams with
different initial notch widths, and for different (Cu) layer materials at the notch tip as shown in Fig. S23b). Note that the stress magnitudes here are overestimated as they
correspond to the singularity points (notch corners). However, the observed stress magnitude increase/decrease trends and the fact that the maximum possible stresses in the TD
are not affected by the initial notch width are still valid observations, which are also consistent with the experimental observations. Further detailed discussion on the singularity
stresses can be found in Section S1.3.
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In the RD beams, the maximum stress is localized near the notch
corners and above the notch tip, according to the FE simulations
(Fig. 7a and b), and it monotonically increases with loading (see
Fig. 6b). The exact location of the maximum stress point depends
on the details of the notch geometry, as not all the fabricated
sample notches have sharp corners, as in the FE model. However,
the stress increase trend is also observed away from the notch
Fig. 7. FE simulation of the typical stress field evolution in the RD and TD beams with applied
beam and its magnitude is increasing when the applied load is increased (a,b). For the TD be
Fig. 6b, S12) and delocalizes when sufficient load is applied to the beam to initiate the interfa
Both the beams shown have an Nb layer at the notch tip and initial notch width of 293.4 nm
observed in the RD beams with different initial notch widths and for both Cu and Nb layers
initial notch widths and/or layer materials (Cu or Nb) at the notch tip also show similar de
initial notch widths and Cu or Nb layers at the notch tip can be found in Figs. S15 to S21.
corners in the layer above the notch tip (see Fig. 7 and fig. S15 to
S21) leading to stress concentration, which is the expected
behavior of an elasticeplastic notched beam when strain softening
and fracture are not considered.

When the Nb layer is located at the notch tip, large plastic
deformation increases the dislocation density in this layer. Even-
tually, if the layer does not fracture, the dislocation density and
load. The stress is localized above the notch and at the notch corners always for the RD
am, the stress is first localized above the notch and at the corners (c) but decreases (see
ce shear (d). The stress field is shown for the tensile stress component along the beams.
. Similar magnitude increase and stress concentration of tensile and shear stresses are
located at the notch tip. The tensile and shear stresses in the TD beams with different
crease and delocalization. The stress evolution in the TD and RD beams with different
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shear stress may become sufficient to form shear instabilities
passing through several layers in the beam. A pair of such in-
stabilities is observed during the experiment, as shown in Fig. 8b.
The crack initiates and propagates along one of the formed in-
stabilities, as shown in Fig. 8b and c, respectively. It can be also
observed from the load drops in the load vs. displacement curve as
shown in Fig. 4a.

Shear instabilities in Cu/Nb ARB nanolaminates with a layer
thickness of 16 nm have been reported to be crystallographic slip
bands, which originate from a slip transmission across the interface
[27]. The slip transmission formation can be attributed to two
factors: high interface shear strength and availability of well-
aligned slip systems in Cu and Nb, which are not parallel to the
interface (the best aligned slip systems are 1 =2 ½011�ð111ÞCu and
1 =2 ½111�ð101ÞNb for ARB texture) [27]. The slip transmission can
lead to Cu twinning upon further deformation if the layer thickness
is sufficiently small [28e30]. Twinning within shear instability re-
gions has been reported for Cu/Nb ARB with layer thicknesses of
7 nm, 16 nm, and 34 nm during pillar compression up to not more
than 0.15 true strain [31]. Despite the lack of experimental obser-
vation of slip band formation, nothing prevents the formation of a
slip band during the beam bending experiment in the RD beams
with a layer thickness of 63 nm at sufficiently large strains as both
the factors influencing the slip transmission do not change signif-
icantly in comparison with the case of smaller layer thickness: (1)
interface shear strength is relatively high, as shown in Section 3.1;
(2) ð111ÞCu and ð101ÞNb slip planes are perpendicular to RD� ND
plane, which is consistent with the observed trace of the final slip
plane on the top beam surface (see Fig. S24).
Fig. 8. Crack initiation and propagation in the RD beam. Crack initiation if the Cu layer is a
propagation occurs as if crack is initiated in the Nb layer at the notch tip. If the Nb layer is
instabilities (indicated by red lines), spanning across a few layers ahead of the notch (b). Th
formation of a new shear instability from the Nb layer (the instability formation from Cu laye
one of the shear instabilities toward the loading line until it becomes close to the beam sur
angle backscattered electron detector images in SEM (Fig. S3). (For interpretation of the refe
article.)
In contrast to crack initiation at the Nb layer, slip bands were not
observed when the Cu layer is located at the notch tip, even though
the stress is also monotonically increasing in this case (stress
localization and monotonic stress increase, obtained from the FE
simulations, are similar in both cases of Cu and Nb for all the
applied loads, as, for example, shown in Fig. 7, S16 and Fig. S23b).
The Cu layer fails by necking and the crack grows at the center of
the notch (Fig. 8a) with no apparent slip band formation. Slip band
may not originate from the Cu layer (slip band formation from a Cu
layer has not been observed in all our experiments even during the
crack growth) if the interface has a higher dislocation transmission
barrier for dislocations passing from Cu to Nb in comparison with
the dislocations passing from Nb to Cu. This dislocation trans-
mission barrier asymmetry may be due to the difference in dislo-
cation energies in Cu, in Nb, and at their {112}/{112} interfaces,
similar to that observed at Cu{111}/Nb{110} interfaces [32].

The crack initiated in the Cu layer is blunted because the layer
fails by necking. It leads to a scenario similar to the crack initiation
in the narrow notch with the Nb layer at the tip. The stress con-
centration profile near the notch is similar in this case (Fig. 7a and
b). It causes a slip band formation followed by a crack ini-
tiationdsame as that for the Nb layer crack initiation.

The length of the formed slip band is limited to a few layers
ahead of the notch/crack tip, as shown in Fig. 8b as the stresses
decrease toward the beam neutral plane for the bending load. The
crack grows along one of the formed slip bands until it reaches its
end. A new pair of slip bands is formed subsequently from the Nb
layer (see Fig. 8c) and the crack growth process repeats, as shown in
Fig. 8c and d. One can observe that slip band formation is usually
t the notch tip (a) is followed by Cu layer failure via necking. Subsequently, the crack
located at the notch tip, the crack initiation is associated with the formation of shear
e crack propagates along one of the shear instabilities until its end (c) followed by the
r has not been observed in the experiments) (c). The crack continues to propagate along
face (d). The material of the layers at the notch tip was determined based on the low-
rences to colour in this figure legend, the reader is referred to the Web version of this
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associated with a load drop in the load vs. displacement curve as
shown in Fig. 4a, which corresponds to crack initiation along the
formed slip band.

When the crack becomes closer to the beam surface, the slip
band can interact with it and extend all the way through the
remaining beam thickness causing final failure, as will be discussed
in Section 3.3. This can also occur immediately after the crack
initiation if the initial beam thickness is small, as, indeed, observed
for the thinner RD beam (Video S2).

In the case of the TD beams, the FE simulations show that the
stress evolution is more complicated in comparisonwith that of the
RD beams. At the beginning, the stresses are localized above the
notch and at the notch corners (Fig. 7c). The maximum stress in-
creases to a peak value (initial peak stress) under the applied load
(Fig. 6b) followed by stress decrease (Fig. 6b) and delocalization
(Fig. 7d) owing to the interface shear. Hence, crack initiation in the
TD beams is possible in two stages according to a critical fracture
stress of the Cu/Nb ARB layers in TD: (1) before the initial peak
stress is achieved when the interface shear does not affect the
stresses significantly or (2) after the initial peak stress is achieved
and the tensile stresses or strains return to large values at the later
stages of the notch widening.

The first scenario of crack initiation was observed in one out of
the four tested TD beams, as shown in Video S6 and Fig. 9cef and
4c. All other TD beams showed a crack initiation via the second
scenario (Fig. 9a and b and 4b). Hence, we expect that the crack via
the first scenario is less likely to occur and was initiated owing to
some pre-existing weak region near the notch tip with critical
failure stress lower than the initial peak stress.

It can be assumed that this weak region is a grain boundary
spanning across the failing layer as no other major defect type with
comparable or larger volumetric density has been reported for
Cu/Nb ARB nanolaminates up to date. The grain boundaries in
Cu/Nb ARB nanolaminate along the TD have a relatively low
probability of appearing immediately below the notch owing to a
large grain size along the layers for the used notch widths. The
expected grain length along the TD is approximately 400 nm for
Fig. 9. Crack initiation and propagation in TD beams. For most of the beams, the crack initi
followed by interface shear at the subsequent layer (b). For one of the tested beams, sharp cr
followed by microcrack formation in the Nb layer beside the main crack (d,e). The main crac
the Cu layer (f). (a) and (b) were obtained from Video S3. (cef) were obtained from Video
Cu(63 nm)/Nb(63 nm), according to the reported ratio between the
layer thickness and grain length in Cu/Nb ARB nanolaminates [33].
The beam demonstrating early crack initiation had a notch width of
approximately 360 nm (the widest among all the beams), which is
comparable to the grain length. Hence, it is more likely that the
beam had a grain boundary near the notch tip. This grain boundary
is easier to break in comparison with the bulk grain boundaries
because it is not constrained by two neighboring interfaces, and
therefore, may fail at a relatively low applied load. All other TD
beams are less likely to have a grain boundary near the notch owing
to smaller initial notch widths (230 nm, 250 nm, and 300 nm).
Therefore, the proposed hypothesis is supported by the observed
fracture behavior.

The grain boundary fracture leads to the formation of the sharp
through-layer crack, which can be associated with the load drop in
the load vs. displacement curve, as shown in Figs. 9ce4c. It is very
unlikely that there is another grain boundary at this crack tip and
one may expect two possible continuations of the crack propaga-
tion: crack propagation through the subsequent layer and further;
or crack blunting via the interface shear and failure, similar to notch
widening and failure observed in other TD beams. However, the
experiment showed that crack propagation continues differently:
(1) a microcrack appears in a layer beside the main crack (see
Fig. 9d and e); (2) the microcrack connects with the main crack via
shear along the interface; (3) a new microcrack appears beside the
propagated main crack, and the process continues from (1).

The stress state at the grain boundary crack tip ending at the
Cu/Nb interface can be approximated by the stress state at the
narrow notch tip in the existing FE model. If we change the initial
notch width from 696 to 25 nm, the initial peak stress does not
change (see Fig. 6b). Instead, the stress concentration zone expands
and includes more layers (see Fig. S22). High stress in a larger
number of layers indicates a larger probability of finding weak re-
gions that could initiate microcracks at the stress values when the
grains are not yet failing. Furthermore, it is reasonable to assume
that the weak regions are associated with grain boundaries, as
discussed previously. Moreover, grain boundaries in Cu/Nb
ates in the middle of the notch owing to layer necking (for both Cu and Nb layers) (a)
ack initiates in the layer at the notch tip with no significant interface shear observed (c)
k and microcrack are thereafter connected via shear and the main crack grows through
S6.
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nanolaminates have been reported to exhibit significant plasticity
even before interface dominated plasticity can be activated in the
materal [36], which can lead to plastic failure and microvoid/
microcrack formation. Thus, if a layer lies between the microcrack
and the main crack, large stresses would act on it and would thus
lead to the layer failure. Hence, the described crack growth should
depend on the grain size and, generally, may depend on the
microstructural details along the crack path.

Hattar et al. also observed that the fracture of Cu{111}/Nb{110}
nanolaminates during tensile loading is associated with the
microcrack growth [11]. However, the transgranular microcracks
were formed immediately ahead of the main crack in Cu{111}/
Nb{110}, even though grain boundaries were observed near the
crack path. A similar microcrack formation was observed by Zhang
et al. in Cu{111}/Nb{110} and Cu{111}/Zr{110} with various layer
thicknesses and layer thickness ratios [16]. Moreover, Wu et al. did
not observe any kind of crack path deflection during buckling of
unnotched Cu{111}/Nb{110} nanolaminates [17]. Hence, both
intergranular and transgranular microcrack formation may be
possible in the metalemetal nanolaminates with a semicoherent
interface. The exact conditions of when either of the microcrack
formation mechanisms is activated remain to be further
investigated.

The second scenario of crack initiationwas observed in three out
of the four TD beams. The crack initiation was followed by further
interface shear (it corresponds to the increased slope in the load vs.
displacement curve, as shown in Fig. 4b) after the crack passed
through the layer, as shown in Videos S3, S4, S5 and Fig. 9a and b.
The observed crack tip is blunt owing to layer necking and further
interface shear. Hence, the stress concentration zone does not
expand as significantly in comparison with the first scenario and
does not lead to further grain boundary fracture. Moreover, in
contrast to the RD beam fracture, the layer necking was observed
for both Cu and Nb layers at the notch tip in the TD beams. The
necking in the Nb layer can be associated with the increased
Fig. 10. Final failure in the RD and TD beams owing to the interaction of the plastic zone with
the beam surface (a) and the crack growth along this band (b). TD beams fail at the early stag
of two shear instabilities (c). The interface reorients within the instability to become parallel
fails leading to the failure of the whole beam (d), revealing that the intersection of the inst
interpretation of the references to colour in this figure legend, the reader is referred to the
interface barrier to dislocation crossing in the TD interface (owing
to the decreased interface shear strength). If the dislocations cannot
cross the interface, slip band formation does not occur and both Cu
and Nb layers would fail by necking. Dislocation transmission
across the interface is discussed in further detail in Section 3.3.

Interestingly, we did not observe the crack passing through
more than a few layers owing to the formation of shear instability
and failure, as shown in Fig. 10ced and 4b. However, it is not
possible to conclude that crack growth inhibition is the common
feature of the Cu/Nb ARB TD samples owing to the apparent in-
fluence of the indenter tip shape on the formation of the shear
bands. Hence, there is a possibility that changing the indenter tip
shape or beam geometry may still promote the crack initiation over
the plastic instability. Further investigations are still required in this
case to understandwhether further crack propagation is possible or
whether shear failure always occurs first.

3.3. Final failure

Once the plastic zone approaches the beam surface, the crack/
notch starts to interact with it. This interaction can be associated
with the load vs. displacement curve plateau or negative slope (see
Fig. 4a and b) and the formation of a shear instability starting at the
crack tip and ending very close or at the beam outer surface for the
case of RD beams (Fig. 10aeb). This shear instability is likely to be a
slip band following the arguments from Section 3.2. A shear
instability is also formed for the case of TD beams (Fig. 10ced). This
instability in the TD beams is particularly interesting.

The instability in the TD beams cannot be associated with the
slip systems, as in the deformation of the RD beams, because the
intersection of the corresponding slip planes with the interface is
parallel to the TD beam length and cannot lead to shear failure
under the applied loading conditions. Instead, the observed shear
instability plane trace on the top surface of the TD beam (failure
line) forms z 70� angle with its length, as shown in Fig. 10f. The
the beam surface. RD beams fail owing to the formation of the long slip band ending at
es of crack growth (it passes through only one or several layers) owing to the formation
to its direction, as indicated by the narrow red line in (e). One of the formed instabilities
ability plane with the top surface of the beam forms z 70� angle with the TD (f). (For
Web version of this article.)
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corresponding best aligned pair of slip systems is 1 =2 ½011�ð111ÞCu
and 1 =2 ½111�ð121ÞNb with the intersection lines forming 71.1� and
73.0� angles with the TD, correspondingly. These slip systems have
a c value [1], which is slightly less than 2% smaller in comparison
with the slip systems suggested for the RD beams (1 =2 ½011�ð111ÞCu
and 1 =2 ½111�ð101ÞNb) [27].

Considering the loading direction in pillar compression study by
Zheng et al. [27], the Schmid factor for the 1 =2 ½011�ð111ÞCu is higher
in comparison with the 1 =2 ½011�ð111ÞCu (0.25 vs. 0.10). Similarity of
the c values and the reported activation of the 1 =2 ½011�ð111ÞCu slip
system indicate that interface barrier to dislocation transmission is
significantly larger for the case of dislocation transmission between
1 =2 ½011�ð111ÞCu and 1 =2 ½111�ð121ÞNb slip systems, which can be
associated with the interface shear strength anisotropy.

The interface shear strength anisotropy in the Cu/Nb ARB
nanolaminate can be attributed to the possibility of a dislocation
slip along the interface in the TD only, as confirmed by Demkowicz
et al. via molecular dynamic simulations [21]. This restricts the
possibility of dislocation cross-slip to the interface to the cases
when the interface can bend around the RD, which allows the
Schmid factor to increase for the interface slip system. Hence, the
edge dislocations gliding along the ð111ÞCu plane can cross-slip on
the interface owing to induced bending component around the RD,
which is not possible for the case of the ð111ÞCu plane (the only
bending component here is around the TD).

The dislocation cross-slip and low interface shear strength are
believed to lead to the non-crystallographic shear banding
[1,27,34,35], which can be attributed to interface realignment. The
interface realignment within the plastic instability region is present
in the tested TD beams, as shown in Fig. 10e. It indicates that plastic
instability here is non-crystallographic shear band, in contrast to the
slip bands in the RD beams. Moreover, the band line is not straight
and forms a wide range of angles with the surrounding interfaces
(see Fig. 10c and S25), which also indicates its non-crystallographic
nature. Proper TEM studies are required to fully confirm shear band
formation in the case of the TD beambending. However, the present
observations and previous experimental and theoretical studies
strongly suggest the presence of a shear band in the presented
experiment, which is in contrast to the RD beam bending.

In summary, the difference in the interface shear strength and
geometric constraints for the RD and TD beams leads to the
different plastic instability mechanisms. For the case of the RD
beams, the interface is strong with respect to shear, and hence, its
dislocation transmission barrier is relatively low, which causes slip
band formation. For the case of the TD beams, the situation is
oppositedthe dislocation transmission barrier is higher than that
for the case of the RD beams and the dislocation cross-slip on the
interface is not geometrically constrained, which allows the pos-
sibility of shear band formation.

3.4. Summary

Interface shear strength plays an important role during the
failure of Cu(63 nm)/Nb(63 nm) ARB nanolayers under bending, as
demonstrated by the differences in evolution of the notch
widening, crack propagation, and ensuing plastic instability.
However, the individual layer strength of its constituents (Cu vs.
Nb) and the grain structure (i.e., size, shape) may also influence
such failure. For the case of Cu/Nb ARB, the influence of interface
shear strength can be observed as its interface shear strength
anisotropy [21] is significantly higher than the yield strength
anisotropy [22]. Nonetheless, in general, the bending failure of
semicoherent metalemetal multilayers may strongly depend on
the interplay between the individual layer strength, grain structure,
and interface shear strength. Further studies of bending failure in
metalemetal multilayers for various interface shear strengths and
grain sizes/structures are still required to understand the under-
lying physics in a more complete manner and in designing a new
generation of structural materials, especially for ARB-based multi-
layers, which have the advantages of being scalable (i.e., produced
in bulk forms) and thus could be more readily integrated to real-
world engineering systems.

4. Conclusions

We have utilized a strong anisotropy of interface shear strength
of a Cu(63 nm)/Nb(63 nm) ARB nanolayer composite to study how
the change of interface shear strength may influence the failure
across the layers of semicoherent metalemetal nanolayer com-
posites under clamped beam bending. Interface shear strength in-
fluences all stages of the failure owing to the increased interface
barrier to dislocation crossing and the possibility of interface shear
if the shear strength is sufficiently low. There are three effects of
low interface shear strength: (1) change of the plastic instability
mechanism, (2) change of the stress concentration around the
notch/crack tip, and (3) change of the crack propagation
mechanism.

The influence of interface shear strength on the plastic insta-
bility mechanisms between shear banding and slip banding has
been widely discussed. Nanolaminates with high interface shear
strength demonstrate slip band formation, whereas low interface
shear strength causes a transition to shear band formation. Here,
we report an indication of the presence of both the mechanisms in
Cu/Nb ARB nanolaminates if the deformation is constrained in
either RD or TD.

The second effect of low shear strength is the reduction and
delocalization of stress around the notch/crack tip owing to the
shear of the interface at the crack/notch tip. Such delocalization
may delay the crack initiation and thus inhibit the crack growth.
Notably, the activation of interface shear requires the application of
a certain stress during bending, which may not occur if the layers
fail at lower stress values. For example, grain boundaries near the
crack/notch tip may inhibit the interface shear when the stress
intensity at the crack/notch tip is sufficient to form a crack at such
grain boundaries.

The third effect of low interface shear strength is the change of
the crack growth mechanism from crack growth along the slip
bands to localized plastic fracture. The localized plastic fracture can
be governed by two mechanisms depending on the presence of the
interface shear: (1) if the plastic shear is activated, the nano-
laminate layers at the crack tip fail gradually by necking, and (2) if
the plastic shear is not activated owing to the influence of grain
boundaries, the crack propagates via microcrack formation at grain
boundaries beside the main crack.

Thus, bending failure of semicoherent metalemetal nanolayer
composites across the layers is determined by the interplay be-
tween interface shear strength, grain structure, and individual layer
strength. Further investigations on the effects of grain structure and
individual layer strength are required to obtain a complete under-
standing of bending failure in nanolaminates.
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