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Abstract

Kink band formation is a common deformation mode for anisotropic materials and has been observed in
polymer matrix fiber composites, single crystals, geological formations, and recently in metallic nanolam-
inates. While numerous studies have been devoted to kink band formation, the majority do not consider
the often rapid and unstable process of kink band propagation. Here we take advantage of stable kink band
formation in Cu-Nb nanolaminates to quantitatively map the local strain fields surrounding a propagating
kink band during uniaxial compression. Kink bands are observed to initiate at specimen edges, propagate
across the sample during a rising global stress, and induce extended strain fields in the non-kinked material
surrounding the propagating kink band. It is proposed that these stress/strain fields significantly contribute
to the total energy dissipated during kinking and, analogous to crack tip stress/strain fields, influence the
direction of kink propagation and therefore the kink band inclination angle.

Keywords: kink band, digital image correlation, anisotropy, multilayers, deformation band

1. Introduction

Kink band formation is a type of strain localization that has been observed in a multitude of anisotropic
single phase and composite materials. While significant attention has been given to kink band formation in
fiber composites due to the technological importance of these materials [1-3], kink bands have also been
observed in oriented polymers [4], geological and mineral samples [5, 6], biological materials such as wood

and abalone shell [8, 9], and low symmetry single crystals such as cadmium, ceramic ternary carbide ‘MAX’
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phases, and freshwater ice [10—12]. Despite the broad range of material classes and constitutive behaviors,
the observed deformation bands possess common features that warrant the use of the general term ‘kink
band.” A kink band can be defined by the following characteristics: 1) the deformation band consists of
a region that is either microstructurally or crystallographically misoriented from the rest of the sample, 2)
the angle of misorientation (¢) is approximately uniform across the width of the band, and 3) there exists a
specific relationship between the boundary of the deformation band and the rotation of the material within
the deformation band such that the boundary nominally bisects the angle made between the deformed and
undeformed material (¢ = 28 as shown in Figure 1(a)). This definition excludes other types of deformation
bands such as shear bands, compaction bands, and slip bands. While defining a kink band based on these
three morphological characteristics is appealing in that it does not place restrictions on the kinematics or
deformation processes of kink band formation (which may vary among material classes), a definition based
solely on morphology would necessarily include deformation twins as a type of kink band. Twins are not
generally considered kink bands, although the striking geometric similarities have been discussed [13] and
can be seen in Figure 1(a) (where the lines shown would correspond to the conjugate K, twin planes). While
twins, from a continuum mechanics perspective, could be considered to be a special subset of kink bands
where the magnitude of shear is prescribed by the need to preserve the crystallographic structure, convention
dictates that twins should be excluded. This requires the addition of a fourth criterion for kink bands: 4) the
plane of the kink band boundary must not be restricted to a specific crystallographic plane.

A common feature of all materials which form kink bands is pronounced mechanical anisotropy. Specif-
ically, the material must possess a set of planes along which the shear strength is very low. For example,
in unidirectional fiber or layered composites the necessary anisotropy for kink band formation occurs due
to the architecture of the composite; shear on a plane parallel to the fibers or layers requires a much lower
stress than shear along any other direction due to the lower strength of the matrix phase [1, 14]. In single
phase materials which form kink bands, such as low symmetry single crystals, the anisotropy is inherent to
the material, with the planes of low shear strength being the (often single set of) crystallographic slip planes
on which dislocation glide readily occurs [15, 16].

When the material is oriented so that the planes of low shear strength are nominally parallel to a com-
pressive stress, a region or band of the material containing slightly misoriented fibers or layers may yield
due to layer-parallel shear during compression. Due to the constraint imposed by the surrounding material,
this shear induces a rotation, increasing the resolved shear stress in the misoriented region (Figure 1(b)). The

resultant geometric softening produced by shear and rotation creates a localized band of misoriented mate-
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Figure 1: (a) Schematic illustrating the morphology of a kink band showing the ¢ = 24 relationship. The kinked sample can be
envisioned to form via the uniform shearing of a band of material (b) or by an initiation and propagation sequence (c). While the final
deformed state may be nearly identical, (c) induces accommodation strains and stress concentration during propagation not present in

(b).

rial. The band ‘locks up’ after a certain amount of rotation (at ¢ = 23, Figure 1(a)), with further specimen
compression being accommodated either by additional kink band formation or by broadening of the original
kink band [3, 14].

The question of what limits the deformation within a kink band (why shear and rotation past the ¢ = 23
relationship is unfavored) has been considered by a variety of researchers. When layer continuity across the
kink band boundary is maintained, as depicted in Figure 1(b), the geometry of the band requires that the
layer spacing or layer thickness in the kinked material change as a function of rotation angle (¢). This layer
transverse strain within the kink band increases during shear and rotation from ¢ = 0 to ¢ = 8 and decreases
as the material rotates from ¢ = S to ¢ = 28. At ¢ = 243, the layer spacing both inside of and outside of
the kink band is identical and the layer transverse strain is zero. According to Paterson and Wiess [5], the
significance of the ¢ = 23 relationship and its implications in terms of layer transverse strain was first noted
in 1898 by Miigge [7] who wrote ‘In all cases where the kinked parts are not completely separated, the kink
plane bisects the angle of the kink [¢ = 2]; for since here volume changes of the crystal and also distortion

and change in spacing are precluded...” [5]. Stated more concisely, the transverse strain associated with the



rotation of the layers within a kink band returns to zero when ¢ = 2.

For many materials that form kink bands, such as fiber composites, significant strains parallel to the
fibers/layers are precluded by the high stiffness of one of the phases. For fiber composites, the fiber trans-
verse strains required during kinking occur without significant fiber parallel strains and thus the deformation
within the kink band is non-isochoric [14]. For these materials, the argument for kink band lock up is
based on volume preservation: while dilatation during rotation from ¢ = 0 to ¢ = 8 is accommodated by
fiber-matrix delamination and void formation, rotation from ¢ = S to ¢ = 28 closes these delaminations
and further rotation past ¢ = 28 is strongly resisted due to material incompressibility. While it should be
noted that this explanation requires that that one phase remain inextensible and that delamination occurs to
accommodate dilatation, it has been widely accepted for composite materials [2, 24, 30, 31]. An interesting
alternative explanation was proposed by Wadee [28] who demonstrated that the ¢ = 24 relationship could
be accounted for, even in the absence of delamination or void formation, by considering the effects of inter-
lamellar friction in transversely compressible stacks of paper. While Wadee’s model is only applicable to
transversely compressible materials subject to a hydrostatic stress during kinking, the model demonstrates
that the ¢ = 2f relationship may arise through a more subtle interplay of kinematics and constitutive behavior
than previously considered.

Most theoretical and experimental studies have focused exclusively on the deformation occurring within
the kink band. If a kink band forms by uniform shear across the entire specimen as shown in Figure 1(b), the
kink band is the only region that experiences significant deformation; the material on either side of the kink
band undergoes only a rigid translation during formation of the kink band. However, significant experimen-
tal evidence suggests that kink bands often, if not exclusively, form by initiation at a stress concentration
followed by propagation across the sample (Figure 1(c)) [3, 4, 14, 18-23]. The propagation stage is evident
provided that the specimen is large relative to the width of the kink band. The occurrence of kink band
propagation was recognized early on: Chaplin, in a 1977 study of kinking in glass reinforced polymers,
stated ‘Anyone who has watched a compression test on a material which demonstrates this compression
crease [kinking] type failure be it fibre reinforced composite, wood or some other natural material, will have
noticed that it does not fail simultaneously across the section. The failure starts in one region and propa-
gates, often very rapidly, across the sample’ [24]. The propagation of kink bands in oriented polyethylene
was recorded during in situ tests as early as 1969 [4] yet, presumably due the experimental difficulties of
working with high strength fiber composites, similar results were not published in composites literature until

decades later [18-22].



While the deformation (shear and rotation to ¢ = 2f) within a propagating kink band (Figure 1(c))
may be nearly identical to that proposed in models that assume uniform kink band formation (Figure 1(b)),
the deformation of the specimen surrounding a propagating kink band is markedly different. Compatibility
between the kinked and non-kinked material (continuity of fibers or layers) geometrically requires distortion
of the material surrounding the kink band. In a semi-infinite specimen, the material remains undistorted far
in advance of the kink band tip, while behind the kink band tip the specimen is displaced parallel to the
kink band by an amount proportional to the width of the kink band and the uniform shear strain within the
kink band. This gradient in displacements naturally requires an accommodation strain field in the material
surrounding the kink band. Additionally, stress concentration at the kink band tip leads to local strain
fields extending in advance of the kink band that are analogous to crack tip strain fields. The presence of
these distortions has been noted by observing fiber bending near the tip of a propagating kink band [4, 18].
However, only limited quantitative measures of the extent or magnitude of these strain fields have been
provided. An early study [25] used speckle interferometry to map displacements surrounding a kink band in
a carbon fiber/PEEK composite, yet no further analysis was reported. A more recent investigation [26] used
digital image correlation (DIC) strain mapping during kink band formation in glass fiber epoxy composites
and showed unloading behind the propagating kink band. Unfortunately the large size of the kink band
compared to the specimen size did not permit careful study of strain fields at the kink band tip. Kink band
propagation was shown more clearly in a 2010 DIC study of failure modes during off-axis compression of
unidirectional carbon-epoxy composites [23], however the focus of that investigation was the construction
of a failure envelope and therefore the details of kink band propagation were not analyzed.

The local strain and stress fields in the material surrounding a propagating kink band have not been
considered in modeling efforts, yet they are important in that they clearly contribute to the total work of
kink band formation and likely influence the direction of kink band propagation. Previous investigators
have attempted to explain why certain kink band inclination angles (8 in Figure 1(a)) should be preferred
by considering the effects of pre-existing defects or by considering only the deformation within the kink
band [14, 27-30]. Budiansky [27] proposed that 8 was controlled by the elastic effects of preexisting local
imperfections, while Wadee [28] invoked non-isochoric deformation (during multiaxial loading of paper
stacks) and proposed that 5 was set by the layer transverse compressibility. Several investigators [14, 29, 30]
have assumed or derived a relationship between 8 and ¢ and suggest that 8 evolves through band boundary
rotation as the material within the kink band shears. The question of what determines the angle 8 has

proved difficult to answer, with Budiansky concluding that prospects for ‘a simple theoretical criteria for



[ based only on analysis of final, uniform, kinked states are not promising’ [31]. The difficulty that has
been encountered in efforts to predict S may be attributed to the lack of attention that has been paid to the
propagation stage of kink band formation. During kink band propagation, the interaction of the stress fields
driven by compatibility, as well as those arising from the stress concentration at the tip of a kink band, with
the anisotropic composite material should be expected to influence the kink band propagation direction.
By identifying the factors that influence the propagation direction, and recognizing that the propagation
direction determines the boundary angle of the fully formed kink band, an alternative explanation for what
sets 8 may be found.

Kink bands are the dominant deformation mechanism for Cu-Nb nanolaminates with layer thicknesses
below 100 nm when these metal-metal composites are compressed parallel to the layer orientation [32, 33].
Several features make these materials attractive for the study of kink band formation: 1) the load drops
associated with kinking are small relative to the high stresses at which kink bands initiate, suggesting stable
or near stable growth, 2) layer debonding during kink band formation is infrequent, and 3) the layer length
scale and therefore minimum kink band length scale is orders of magnitude smaller than the specimen size.
This facilitates in situ observations of kink band propagation and allows for high resolution DIC strain

mapping of any strain fields surrounding a narrow, propagating, kink band.

2. Experimental

2.1. Materials and specimens

Cu-Nb nanolaminates were synthesized using the accumulative roll bonding process (ARB). This pro-
cess creates approximately 4 mm thick sheets of laminate material through an iterative sequence of bonding,
rolling, and stacking described in detail in References [33—35]. The material used in the present study
contains continuous, alternating, and equal thickness layers of Cu and Nb with a nominal individual layer
thickness of 30 nm (see Figure 2(a,b)). While the microstructure evolution during ARB processing is com-
plex, many aspects including crystallographic texture development [34, 36], layer size distributions [35], and
interface crystallography [37] have been addressed in the literature and are of limited relevance to the general
phenomena of kink band formation in lamellar composites. Noteworthy however is that the resultant mate-
rial is fully dense and well bonded, displaying a low work hardening rate and appreciable plasticity in both
tension and compression (7% and >25% respectively) [35, 38]. While phase resolved mechanical property

data has not been obtained for the specific Cu-Nb nanolaminates used in this investigation, nanoindentation



techniques have shown that the Cu and Nb phases have significantly different hardnesses in ARB composites
with a 24 um layer thickness [49]. This nanoindentation data, as well as crystal plasticity modeling [49],
suggests that the initial flow stress of the Cu phase is approximately 20% lower than that of the Nb phase in
micron-scale Cu-Nb composites

A low temperature annealing step, 400°C for 30 minutes, was conducted after ARB in order to im-
prove the resistance to delamination during layer-parallel compression. When delamination is largely sup-
pressed, the dominant deformation mechanism during layer parallel compression is kink banding (Figure
2(c)) [32, 33]. Figure 2(d) shows a complicated network of kink bands in a 15 nm layer thickness compres-
sion specimen, containing kink band intersections and terminations. The complexity of the strain localization
shown in Figure 2(d) suggests that kink bands in Cu-Nb laminates form via propagation across a sample as
opposed to the uniform band formation process shown in Figure 1(b).

Compression specimens measuring 7.2 mm x 3.6 mm x 3.6 mm were machined from the rolled and
annealed laminate plate using wire electric discharge machining. The specimens were carefully aligned with
with respect to the layer orientation, with the compression axis (longest dimension) parallel to the transverse
direction of the rolled material. Potential damage from the machining operation was removed on four of the
six specimen faces via metallographic polishing, with the top and bottom surfaces left in the as machined
condition to prevent edge rounding or loss of parallelism. A speckle pattern was applied to one face of the
specimens using HP LaserJet 96A toner ink that was fused to the polished surface via brief exposure to a

heat lamp.

2.2. Mechanical testing and in-situ imaging

Compression testing was conducted on an MTS servo-hydraulic load frame under displacement control
at an initial strain rate of 10~*s~!. Due to the small specimen size, the need to position specimens centrally
on the compression platens, and the lighting requirements of digital image correlation, truncated pyramidal
hardened steel pedestals were attached to the compression platens. This allowed for in situ imaging of the
compression specimens without reflections or shadowing from the large compression platens. A molyb-
denum disulfide lubricant was applied between the specimens and the compression pedestals to minimize
friction.

A laser extensometer (Electronic Instrument Research model LE-01) was used to measure the distance
between two retro-reflective tapes attached to the compression pedestals while local strains on the specimen

face were obtained from digital image correlation. The DIC setup consisted of a Point Grey Grasshopper



Figure 2: (a,b) STEM images of a 30 nm ARB Cu-Nb nanolaminate showing z-contrast where Cu layers are dark and Nb are lighter (a)
and defect contrast where dislocations and grain boundaries are evident (b). (c) Backscatter SEM image of a single kink band in a 30 nm
compression specimen with the kink band boundaries indicated with dashed lines, and (d) polarized light optical image of a complex
network of kink bands in a 15 nm Cu-Nb compression specimen. Kink band intersections (i), bifurcations (ii), and terminations (iii)
are evident, suggesting that kink bands formed sequentially via nucleation and propagation. Layer orientation in (a,b) and initial layer

orientation/compression direction in (c,d) is vertical).



digital camera, Nikon AF Micro Nikkor 70-180 mm lens, fiber optic light source, and a half-silvered mirror
for splitting the light source beam. This setup allowed for co-axial illumination of the polished specimens,
yielding images containing good contrast between the dark toner speckles and reflective specimen surface.
Images were acquired every 500 ms using the commercial acquisition software VIC-Snap 2009 (Correlated
Solutions Inc.). While the full strain field should in theory require a two camera, 3D DIC set up, the
strong anisotropy of the lamellar material combined with the early onset of kink band formation yielded
a predominately plane strain deformation with the imaged surface of the specimen remaining within the
focal plane of the imaging set up. The compression tests were interrupted once kink band propagation was

complete (with the kink band spanning the width of the specimen).

2.3. DIC analysis

The images collected during compression testing were analyzed using VIC-2D 2009 software (Corre-
lated Solutions Inc.). Based on the image size of 1908 x 2319 pixels and the speckle pattern (consisting of
approximately 20 um diameter speckles), a subset size of 49 x 49 pixels (102 x 102 um) with a step size of
11 pixels (23 um) was found to produce a good balance between correlation quality and strain resolution. A
normalized squared differences criterion was used during correlation. While a local Gaussian decay kernel
matrix is required in the software, the minimum kernel of 5 x 5 steps (55 x 55 pixels) was applied during the
strain calculation [39]. The displacements and Lagrangian strain values were exported from VIC-2D, and
all visualization and further analysis was conducted using MATLAB software.

Within the subset used to calculate strain, DIC treats the deformation as affine [39], and therefore signif-
icant care must be taken when using DIC on specimens that deform by heterogeneous and localized shear. If
the subset used to calculate strain does not deform homogeneously and is instead sheared along a plane by a
narrow kink band, correlation of the deformed state to the reference state is either impossible or very poor.
The quality of correlation is represented by the ‘sigma’ value (one standard deviation confidence interval)
calculated by the VIC-2D software. While the average sigma values for regions of the specimen that de-
formed uniformly were 0.012, indicating good correlation, higher values of sigma (~0.03) and uncorrelated
subsets were found to correspond to the location of the kink band as it propagated across the sample. Thus
the sigma value provided both a measure of the quality of the correlation and a convenient way to track the
location of the kink band.

Calculated strain values for regions with a sigma value above 0.018 were discarded. This removed po-

tentially unreliable strain measurements corresponding to the location of the kink band. However additional



cleanup of the strain data was needed due to the use of the Gaussian decay kernel during the strain calcula-
tion. While this filter reduces noise in the calculated strain values, it also increases the distance between two
truly independent strain measurements. All calculated strain values in the area surrounding the kink band
were removed by eroding the neighboring five strain measurements around any region containing a value
of sigma greater than the threshold value (removing data within 122 um of the kink band). All DIC strain
maps are presented using the undeformed coordinates of each subset in order to allow calculated rather than

interpolated strain values to be shown.

3. Results

3.1. Global stress-strain response and kink band initiation

Figure 3(b) shows the stress strain response of the compression specimen, with the strain calculated
using the laser extensometer data. The results generally match the mechanical behavior expected based on
prior tensile tests of the same material [38], although the slope of the linear segment is below the nominal
Young’s modulus as a result of compliance induced by the interfaces between the specimen and platens and
the use of paste lubricant. The in situ images of the specimen surface were used to divide the stress strain
curve into two regimes: one prior to the initiation of a visible kink band and labeled ‘uniform compression’
and one regime corresponding to and labeled ‘kink band propagation.” The macroscopic stress strain curve
does not display any sharp change of slope at the point of kink band initiation, making determination of
these regimes dependent on in situ observations. Kink band propagation occurs initially under a rising load
(from 1142 MPa to the maximum of 1205 MPa), however a sharp load drop (near the end of the stress strain
curve) corresponds to the final propagation of the kink band across the specimen. Based on the behavior of
other specimens and prior experiments [32], continued compression would be expected to induce kink band
broadening at a near constant stress.

Compressive strain (€,,) maps of the imaged region of the specimen corresponding to points ‘1, 2,
and ‘3’ labeled on the stress strain curve are shown in Figure 3(c). Points 1 and 2 precede kink band
formation while point 3 corresponds to the initiation of the kink band. As the specimen is loaded in the
elastic range local strains appear fairly homogeneous although, due to the effects of friction at the specimens
ends, a triangular constrained region near the specimen end and slight specimen barreling are expected.
Elevated strain values are observed at the stress-concentrating specimen corners (evident in Figure 3(c3)),

with the left hand corner showing higher local strains than the right hand corner. The overlaid displacement
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Figure 3: (a) Schematic of compression setup and DIC region, where the top platen remains stationary during the test. (b) Stress-strain
curve annotated to show uniform compression regime, kink band initiation, and kink band propagation regime. Points 1, 2, and 3
prior to kink band initiation correspond to DIC strain maps (€;y) shown in (c). The displacement vector map overlay in (c3) indicates
non-symmetric displacements which bias kink band formation to occur from the upper left corner. The strain distribution in part (c3) is

taken to be the reference configuration for subsequent DIC analysis of the strains during kink band propagation, Figures 4 and 5.
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vector map shows non-symmetric displacements which can be attributed to either non-uniform friction or a
slight misalignment of the specimen. The asymmetric displacements are presumably responsible for kink
band nucleation occurring at the left rather than right hand corner. Point ‘3’ is taken to correspond to the
beginning of kink band propagation, as this frame precedes the first frame in which a kink band can be
clearly seen to extend from the top left corner. It is likely that the true initiation point occurs slightly earlier
and would have been detected earlier had high magnification microscopy been conducted on that corner. As
the focus of this study is kink band propagation and not initiation, it is reasonable to take point 3 as the
beginning of kink band propagation. In order to distinguish small local strains during the subsequent kink
band propagation, all DIC analysis of propagation uses the specimen state at point 3 as the reference state.
This effectively zeros out the local strain values shown in Figure 3(c3) and allows the shape of the strain field
in front of the propagating kink band to be shown clearly using the change in strain state from the reference
configuration (Ae,, and Ag,,). This referencing also minimizes the difference between the deformed and

undeformed coordinate system, providing a more accurate representation of the strain fields.

3.2. Kink band propagation

Figures 4 and 5 show the stress strain curve, specimen image, and Ae,, and Ae¢, strain maps during kink
band propagation. The instantaneous stress, total specimen strain (from laser extensometer data), and time
since initiation are shown on the stress strain curve. The kink band is evident as a dark band on the full
resolution specimen images due to deformation induced surface relief, and an arrow is used to indicate the
kink band tip location. The nominal angle of propagation and therefore kink band inclination angle (8) was
~27 degrees, although propagation across the last quarter of the specimen occurred at a more shallow angle
of ~21 degrees.

The 2-D Lagrange strain tensor obtained from DIC has been transformed into a coordinate system in
which the x-axis is aligned with the nominal direction of kink band propagation (a 27.5 degree rotation
from the coordinate system used in Figure 3) and Ae,, lies parallel to the shearing action of the kink band.
Continued uniform straining of the specimen during compression is evident in Figure 4, however the inho-
mogeneous strains adjacent to and in front of the kink band become clear as the kink band length increases.
While some elevated local strains are present near the right hand corner, as expected due to the stress sin-
gularity at that location, no visible kink band is observed. The pronounced Ag,, strain field in front of the
kink band shown in the bottom of Figure 4 extends across the entire specimen (millimeters ahead of the kink

band tip), becoming more diffuse and lower in magnitude as the distance from the tip increases. The shear

12



strain field is aligned with the eventual propagation path.

During the second half of propagation, Figure 5, the strain fields in front of the kink band continue to
increase in magnitude and spatial extent and the kink band propagation rate accelerates. No evidence of
unloading is seen in the material behind the kink band tip during propagation. The kink band morphology
during propagation is that of a very slender wedge (appearing crack-like), with the kink band width tapering
from approximately ~30 microns near the initiation site to below 5 microns at the visible kink band tip. This
is seen more clearly in Figure 6 which shows an image of the specimen taken one second before the kink
band reaches the specimen edge. While the kink band taper is somewhat non-uniform, the nominal taper
angle is ~0.5 degrees.

By identifying the kink band tip location, the strain fields obtained though DIC can be plotted in polar
coordinates and compared to those of an inclined crack. Based on the inclination angle of the kink band
(~27 degrees), a similarly inclined crack might be expected to have both a mode I and mode II component,
however the mode I stress intensity factor would be negated by tractions arising from crack face closure.
Therefore the kink band tip strain fields will be compared to those of a pure mode II crack. In addition to
the elevated strains near the kink band tip (Figure 5(a,b)), significant homogeneous compression is observed
during the early stages of kink band propagation (as seen from comparing Figure 4(a) to Figure 4(b)).
Therefore it is expected that the experimentally observed kink band strain field consists of a superposition
of a uniform far field strain and the strains associated with the stress singularity at the kink band tip.

Figure 7 compares the experimental kink band polar strain fields to those resulting from the combination
of the analytical linear elastic fracture mechanics (LEFM) solution for a mode II crack and a small (0.4%)
homogeneous compression. As with Figures 4 and 5, the large uniform strain prior to kink band initiation
is not included in the strains presented in Figure 7. The magnitude of the small homogeneous strain that
was included in the calculation was obtained from the difference between the experimentally measured ‘far
field’ strain value at the lower end of the specimen (3.6 mm from the kink band tip) and the theoretical
contribution of the mode II crack strains at the same location. It should be noted that the mode II crack
stress intensity factor K;; was taken as a fit parameter, and therefore represents an ‘effective’ stress intensity
factor that accounts for any bridging shear stress within the kink band. While recognizing that K;; was fit
to the experimental data, the remarkably good agreement in the angular distributions of strain as well as
the radial dependence of €,,, €4, and €, shown in Figure 7 provides strong support for modeling kink band
propagation using a fracture mechanics approach. Material anisotropy may be responsible for the small

differences in the angular strain distributions between the kink band fields and the isotropic LEFM solution,
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Figure 4: Kink band propagation, part 1: Stress-strain curve, in-situ image, Ae,, strain map, and Ae,, strain map during the initial
stages of kink band propagation. The arrow indicates the tip of the kink band as determined from the full resolution optical images.
Note that the coordinate system is rotated to align with the kink band propagation direction and that different scales are used for Ae,,
and Agyy. All calculated strains are referenced to the state of the sample at the beginning of kink band propagation (dashed line on
stress-strain curve) and therefore do not include the nearly homogeneous compression that occurred prior to kink band nucleation. Inset

on the stress-strain diagram gives stress, total sample strain (€), and time (t) relative to start of kink band propagation.
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Figure 5: Kink band propagation, part 2: Stress-strain curve, in-situ image, A€,y strain map, and A€,y strain map during the later stages

of kink band propagation. The arrow indicates the tip of the kink band as determined from the full resolution optical images. Note that

the coordinate system is rotated to align with the kink band propagation direction and that different scales are used for Ae,, and Aeyy.

All calculated strains are referenced to the state of the sample at the beginning of kink band propagation (dashed line on stress-strain

curve) and therefore do not include the nearly homogeneous compression that occurred prior to kink band nucleation. Inset on the

stress-strain diagram gives stress, total sample strain (€), and time (t) relative to start of kink band propagation.
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Figure 6: Full resolution image showing kink band extending from the specimen corner initiation site and terminating in the specimen
(tip location is marked with an arrow). Image has been rotated 27.5 degrees. The kink band appears as a very slender wedge, tapering

from approximately ~30 microns to below 5 microns over a length of 2.8 mm (a nominal wedge angle of ~0.5 degrees).

although the discrepancies and therefore potential effects of material anisotropy do not appear pronounced.
Figure 8 provides a plot of the radial distribution of strains along the § = 0 and 6§ = —62.5 degree lobes
shown in Figure 7. These lobes are oriented away from the compression platen and are therefore least likely
to be influenced by end constraints. The results in Figure 8 indicate generally good agreement between the
kink band fields and the r~2 singularity in the elastic crack tip solution.

The agreement between the mode II elastic crack tip fields and the experimental kink band strain fields
may seem surprising given that at a macroscopic strain of ~4% these strain fields are expected to be fully
plastic. While a more appropriate comparison would be that between the kink band and the Hutchinson,
Rice, and Rosengren (HRR) plastic crack tip fields, analytical solutions for the mode II HRR field angu-
lar dependencies are, to the best of the authors’ knowledge, unavailable. Therefore the analytical LEFM
solutions are plotted, with the only modification being that volume preservation was enforced by setting
the Poisson’s ratio equal to 0.5. While the LEFM solution was used in place of the HRR solution, the dif-
ference between the two is slight when Kj; is taken as a fit parameter. The HRR solutions show similar
angular dependencies of strain and the HRR strain fields follow ~#1 [40], where n is the stress hardening
exponent relating plastic strain (e”) to a material constant (@) and stress (0): €’ = ao™. For a near linear
work hardening material (n ~ 1), the strain associated with the dominant singularity follows a relationship

approximating r 3. The small nonlinearity in the portion of the stress strain curve corresponding to kink
propagation (Figure 3(b)) suggests that the strain associated with the dominant singularity would show an r
dependence close to that obtained from LEFM (as observed in Figure 8). Thus, despite the strain fields at
a macroscopic strain of ~4% being fully plastic, the subtle differences in r dependence between LEFM and

HRR fields would not be distinguishable.
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Figure 9: Exaggerated (100x) horizontal displacements are applied to an image containing vertical lines and representing the specimen
(a). Images in (b), (c), and (d), correspond to Figure 4(b), Figure 5(a), and Figure 5(c) respectively. While vertical displacements are
not included, these exaggerated representations point out features of the specimen distortion such as the reverse shear below the kink

band in (b,c) that are mapped quantitatively in Figures 4 and 5.

While the strain field maps in Figures 4, 5, and 7 provide a quantitative description of the distortion of
the specimen, a more intuitive picture is provided by exaggerating and applying the displacements obtained
through DIC to a series of lines representing the layered sample. This approach is modeled on the work of
Sun [26]. An image containing a series of vertical lines is generated with image dimensions matching the
dimensions of the DIC displacement data array (see Figure 9(a)). Each pixel of the original image is dis-
placed according to the DIC displacement data multiplied by a scaling factor (in the present case, 100). This
large scaling factor, and therefore large exaggeration of the displacement, is employed to amplify the small
strains observed during kink propagation. Due to this, it is only possible to apply the horizontal displace-
ments; applying equally exaggerated vertical displacements would cause the image to collapse to nearly a
line. Since only horizontal displacements are applied, angles are not reproduced faithfully and the small
region around the kink band where displacement data are missing appears as if it were a material discontinu-
ity. Nevertheless, Figure 9 provides an indication of the deformation pattern surrounding a propagating kink
band and points out features such as the ‘reverse shear’ in the region below the kink band (Figure 9 (b,c))
that is present, but not as apparent, in the strain maps in Figures 4 and 5. The deformation of this region
indicates that significant layer parallel shear occurs adjacent to the kink band flank to accommodate the kink

band.
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4. Discussion

The in situ observations presented in Figures 4 and 5 show that kink band formation in Cu-Nb laminates
occurs by propagation of a kink band from a defect or stress concentration. This is in agreement with
the literature for kink band formation in fiber composites, drawn polymers, and model systems such as
compressed stacks of paper. [3, 4, 14, 18, 19, 41]. While much of the in-situ work reported in the literature
has been conducted on specimens loaded in shear [4], combined shear and compression [18], or specimens
containing a notch or artificial defect [3, 19, 42], Figures 4 and 5 indicate that stable kink band propagation
can occur under a rising load during uniaxial compression of Cu-Nb laminates.

The strain fields ahead of and surrounding the propagating kink band are significant in magnitude and
spatial extent: in Figure 5(b) a 1.5 mm? area of the strain field ahead of the kink band contains Ae,, values
in excess of 1%. While the shear strain within the kink band is very large (y = 1.12 given 8 = 27.5 degrees
and ¢ = 2f3), the area of the kink band in Figure 5(b) is no greater than 0.03 mm?. The work of deformation
(®) is proportional to the area (A), plastic strain (65.), and stress (o7;) of the material assuming plane strain

fully plastic deformation (Equation 1).

d)zfa,-jes.dV
(D

o« 0 jei’;.A

Although simplistic, comparing the relative areas and shear strain magnitudes and assuming equal
stresses inside and outside of the kink band indicates that the energy required to form the strain field ex-
tending in front of the kink band is approximately one half of the energy required to deform the material
within the kink band. This evaluation almost certainly underestimates plastic dissipation in the strain field
as the contributions of material sheared less than 1% and other strain components are neglected. While
previous studies have examined the work contributions from deformations within a kink band and sought
to explain the geometry of kink bands using energy minimization arguments [28, 29, 43], any prediction of
total energy dissipation during kink band formation must include consideration of the deformation field in
front of a propagating kink band.

Two distinct factors responsible for the local strain fields during kink band propagation can be identified:
1) compatibility between the wedge shaped kink band and non-kinked ‘matrix’ (accommodation strains)
and 2) the stress concentration at the tip of a kink band terminating in a specimen. Accommodation strains

around a wedge shaped kink band arise due to the variation in kink band width and continuity of layers
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across the kink band. The homogeneous local shear strain in the material within a kink band with inclination

B and rotation ¢ (Figure 1) is given by Equation 2.

y = sec’(¢ — ) )

The displacement of the layered structure across the kink band is given by the product of the width of
the kink band and the shear strain within the kink band. The slightly wedge shaped kink band morphology
shown in Figure 6 indicates a gradient in kink band width and therefore a gradient in displacements along
the kink band boundary. This displacement gradient, combined with the observed layer continuity across
kink bands [32], requires a corresponding displacement gradient in the non-kinked material adjacent to the
band boundary. The necessity of an accommodation strain field surrounding a wedge shaped kink band
has been pointed out in work on oriented polymers [44], and a close analogy is found in the strain field
surrounding a deformation twin terminating in a single crystal [45]. Given the wedge shaped morphology
of the propagating kink band (Figure 6) and the numerous non-parallel kink band boundaries observed post-
test in compression specimens (Figure 2(d)), it appears that accommodation strain fields are commonly
associated with kink bands in Cu-Nb laminates.

While accommodation strains are clearly required for a wedge shaped kink band, these strains are nec-
essary in the material surrounding a propagating kink band regardless of the shape of the propagating band.
They are an unavoidable result of compatibility between the kinked and non-kinked material when a kink
band terminates in a specimen. Figure 10 shows several possibilities for the shape of a kink band propagating
through a layered material. These schematics are drawn so that the layers outside of the kink band remain
vertical, a simplifying representation that emphasizes the layer transverse component of the geometrically
required strain field. Here it is assumed that the kink band need not grow in a self similar manner: the kink
band ‘tip zone’ may have a different morphology than the portions of the kink band far removed from the tip.
The uniform wedge shape, Figure 10(a), requires a linear displacement gradient at the boundary and leads to
accommodation strains that are uniform along the length of the kink band. Figures 10(b), (c), and (d) show
kink bands with parallel sides and various tip morphologies that result in accommodation strains present
only near the tip zone. Varying the width of the kink band tip zone (Figure 10(b)) and varying the rotation ¢
in a kink band tip zone (Figure 10(c)) results in similar accommodation strains while a non-uniform wedge
or elliptical kink band tip zone requires nonlinear displacement gradients at the boundary and results in
non-uniform accommodation strains. Various morphologies of propagating kink bands have been reported

in the literature: a self-similar wedge is consistent with the experimental observations of Robertson on kinks
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in oriented polymers [4], a parallel sided band terminating in a wedge shaped tip zone was considered by
Pertsev [46, 47], and a parallel sided band terminating in a zone of variable fiber rotation ¢ matches the
observations of Vogler for kink bands in polymer matrix fiber composites [18]. Other experimental work
points towards a combination of gradients in ¢ and gradients in kink band width at the tip zone of a kink
band [3].

A clear difference in the distribution of accommodation strains is evident between a self-similar wedge
(Figure 10(a)) and a band possessing parallel sides and a district tip zone (Figure 10(b), (c), and (d)). The
question remains, however, of why one morphology should be preferred over another and whether the consti-
tutive behavior of the material influences the morphology of a propagating kink band. Consider the two kink
band morphologies shown in Figure 10(a) and (b) propagating through either an elastic or plastic specimen.
The self-similar wedge shaped kink band (Figure 10(a)) has accommodation strains adjacent to the kink
band. An incremental advance of the kink band (Figure 10(e)) subjects additional material now adjacent
to the newly created kink band segment to the geometrically required accommodation strain. The material
that was adjacent to the kink band boundary prior to its advance remains distorted. In contrast, the advance
of a kink band with parallel sides and a wedge shaped tip zone (Figure 10(c)) requires both distortion of
the material adjacent to the newly created kink band tip zone and a reversal of the accommodation strains
in material that now lies next to the parallel boundary. This is illustrated in Figure 10(f). In the case of
purely elastic accommodation strain fields, such a reversal of the accommodation strains behind the tip of
the kink band would lower the strain energy in the material and should be preferred. If, however, the accom-
modation strain fields are predominantly plastic, such a reversal would be dissipative and require additional
(redundant) plastic deformation. Thus a uniform wedge shape should be preferred when the accommodation
strains are predominately plastic. This argument agrees with the observation that kink bands propagating
through yielded Cu-Nb nanolaminates and polymers posses a fairly uniform wedge morphology [4], while
kink bands propagating through fiber composites (in which the fibers remain elastic) tend to have parallel
sided kink bands with a district tip zone [3, 18].

The second factor responsible for local strain fields during kink band propagation is the stress concen-
tration that occurs at the tip of the kink band. The long, narrow, propagating kink band shown in Figure
6 has strong similarities to a mode II type shear crack and is found to have similar strain fields in front of
the kink tip (Figure 7). Several investigators have proposed fracture mechanics based approaches to model-
ing kink band propagation. Moran and Shih [3] proposed modeling kink band propagation as growth of a

predominantly mode II crack with bridging tractions through an anisotropic material, yet they did not have
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Figure 10: Schematic illustrating potential geometries for a kink band terminating in a specimen (a-d) and resultant accommodation
strains. (e) and (f) show kink bands with either a uniform wedge shape (e) or a wedge shaped tip (f) advancing through the specimen.
The shaded regions correspond to undistorted material and the dashed lines denote the original boundaries of the accommodation strain

region.

the experimental fields in hand to motivate such a modeling effort. BaZant [48] proposed and conducted an
analysis treating the kink band as a crack with a significant fracture process zone at the kink band tip. While
no existing theoretical analysis accounting for material anisotropy, bridging tractions, and displacements
prescribed by the kink band geometry is available to be compared with the experimental results shown in
Figures 4, 5, and 7, the similarities to the mode II crack strain fields in Figure 7 are compelling. With the
experimental kink band tip strain field data to serve as validation, the development of a fracture mechanics
based approach to kink band propagation in metallic multilayers appears promising.

Both compatibility driven accommodation strains along the kink band flank and the extensive strain
fields emanating from the kink band tip are expected to influence the direction of kink band propagation and
therefore the kink band inclination angle 8. The observed kink band inclination angle of 21 — 27 degrees
is far from the 45 degree angle expected from bifurcation analysis of plane strain shear localization in per-
fectly plastic isotropic materials [50], suggesting that these factors may have significant influence. In the
case of the accommodation strains, the magnitude of the accommodation strain component parallel to the
kink band boundary is set by the angle of the wedge shaped kink band and the shear strain within the kink

band. The kink band inclination angle, 8, determines how this strain component is oriented with respect
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to the anisotropic material through which the kink band propagates. Various kink band inclination angles
would result in different distributions of the accommodation strains in the surrounding anisotropic material
and presumably different energy penalties associated with the accommodation strain fields. Likewise, the
energy of the strain field in front of a propagating kink band should depend both on the constitutive behavior
of the composite material and the orientation of the kink band. Attempts to predict why certain kink band
inclination angles should be preferred without consideration of the details of kink band propagation neglect
the effects of these extensive strain fields. Just as the prediction of crack propagation paths requires con-
sideration of material anisotropy, it is likely that successful prediction of the kink band propagation angle
requires consideration of the anisotropy and local deformation of the material surrounding the propagating

kink band.

5. Conclusions

In this paper, digital image correlation was used to quantitatively assess the local strain fields surrounding
a kink band propagating through a lamellar Cu-Nb composite with a layer thickness of 30 nm. The following

conclusions are drawn from this work:

e Kink band formation in Cu-Nb laminates occurs via a nucleation and propagation sequence, in good

agreement with the in situ observations of fiber composite kinking reported by Vogler [18].

e The wedge shaped morphology of the propagating kink band indicates the presence of an accommo-
dation strain field adjacent to the kink band. These accommodation strains are required for any kink

band with non-parallel band boundaries.

o A significant strain field resembling that expected for a mode II crack extends in front of the kink band
during propagation. The size of this field is on the order of the kink band length, with the magnitude

of distortion decreasing with distance from the kink band tip.

o While the strain level in the kink band tip strain field is approximately two orders of magnitude smaller
than the strains within the kink band, the much larger volume of these strain field results in a significant
contribution to the total work of kink band formation. The energy of the kink band tip strain field must

be considered in any accurate calculation of energy dissipation during kinking.
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