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ABSTRACT

In polycrystalline metallic materials, quantitative and statistical assessment of the plasticity in relation to
the microstructure is necessary to understand the deformation processes during mechanical loading.
Plastic deformation often localizes into physical slip bands at the sub-grain scale. Detrimental micro-
structural configurations that result in the formation and evolution of slip bands during loading require
advanced strain mapping techniques for the identification of these atomically sharp discontinuities. A
new discontinuity-tolerant DIC method, Heaviside-DIC, has been developed to account for discontinu-
ities in the displacement field. Displacement fields have been measured at the scale of the physical slip
bands over large areas in nickel-based superalloys by high resolution scanning electron microscopy
digital image correlation (SEM DIC). However, conventional DIC methods cannot quantitatively measure
plastic localization in the presence of discontinuous kinematic fields such as those produced by slip
bands. The Heaviside-DIC technique can autonomously detect discontinuities, providing information
about their location, inclination, and identify slip systems (in combination with orientation mapping).
Using Heaviside-DIC, discontinuities are physically evaluated as sharp shear-localization events, allowing
for the quantitative measure of strain amplitude nearby the discontinuities. Measurements using the
new Heaviside-DIC technique are compared to conventional DIC methods for identical materials and

imaging conditions.
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1. Introduction

In polycrystalline metallic materials, quantitative assessment of
the plasticity in relation to the microstructure provides insight on
the deformation processes that occur during mechanical loading.
Plastic deformation for this class of materials is often localized into
physical slip bands, persistent slip bands (PSBs) or sub-grain scale
shear bands [1—3]. Understanding of the relationship between
plastic localization and its evolution during loading as a function of
the underlying microstructure has been used to identify the
detrimental microstructural configurations that promote damage
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[4—7]. Predictive models for monotonic and cyclic loading that
relate the local mechanical behavior to the global loading condition
require quantitative assessment of the microscopic scale hetero-
geneous strain distribution. Existing measurements of the average
strain fields at the grain scale insufficiently capture the cyclic plastic
localization and resulting damage, which evolve during the early
stages of plasticity at the sub-grain scale through the generation of
persistent slip or shear bands (PSBs) [4—6].

Recent advances in numerical simulations, such as discrete
dislocation dynamics (DDD) [8] or crystal plasticity (CP) with
explicit consideration of dislocations and localization [9,10], move
toward the quantitative prediction of plastic localization as a
function of microstructure and loading conditions. However, very
few experiments are able to validate such numerical simulations in
a quantitative and/or statistical manner. The challenge is to
experimentally obtain sufficient spatial resolution to capture
plastic localization events such as slip bands, PSBs, shear bands,



while investigating regions that are large enough to statistically
capture the microstructures that influence properties such as fa-
tigue. Current experimental techniques used to explore plastic
localization include: in-situ transmission electron microscopy [11],
micro-pillar compression [12], in-situ scanning electron microscopy
[13—17], in-situ synchrotron experiments [18], and atomic force
microscopy measurements [19,20]. However, all these techniques
either probe small volumes of material or have complex boundary
conditions that make them statistically non-representative. Ex-
periments that investigate larger representative areas such as op-
tical digital image correlation [21] or large surface scanning
electron microscopy or profilometry investigations [7] have insuf-
ficient spatial resolution for the quantitative measurement of the
physical phenomena of plastic localization such as the develop-
ment of slip band steps, shearing or extrusion.

The combination of scanning electron microscopy (SEM) and
digital image correlation (DIC) has recently emerged as a robust
method for experimental quantification of the in-plane strain fields
at the microstructure scale [22—29]. Performing accurate mea-
surements still remains challenging since the use of SEM imaging
for DIC comes at the cost of complex image distortions and sample
charging related beam drift [6,30,31]. While there is still much
progress to be made for better electron beam control to minimize
beam drift and defects, these phenomena have been well charac-
terized and methods for their correction exist [6,30,31]. These de-
velopments give insight to strain localization induced by physical
slip bands during plastic deformation of metallic materials
[6,27,30,32]. Moreover, investigated regions are large enough to be
representative of the microstructure of the material. Consequently,
these experiments allowed identification of the slip activity and the
evolution of the strain localization during loading. Recently, Chen
et al. [33] demonstrated that it is possible to obtain the Burgers
vector of the activated slip system from the displacement field
generated by DIC. However the measurement of statistically
representative plastic localization events over large regions is still
lacking using conventional SEM DIC calculations. The conventional
DIC software methods were developed for use with continuum
mechanics and therefore cannot address kinematical discontinu-
ities which exist at slip bands and PSBs. For example, the
displacement and strain field measurements obtained by conven-
tional DIC during plastic deformation are dependent on DIC pa-
rameters, such as subset and step size [6,34], which makes the
direct comparison of strain measurement between various mate-
rials, or with different loading conditions, or even with numerical
simulation challenging. In other words, conventional DIC algo-
rithms only capture continuous deformations from the reference to
the deformed image and cannot consider sharp discontinuities.

Increases in spatial resolution in DIC by the use of SEM imaging
has enabled the observation of discrete slip events. However the
conventional DIC codes need to be developed and adapted to
correctly handle the physics of the discontinuities present at the
sharp localization of plasticity. Emerging DIC codes with disconti-
nuity implementations have been recently applied in fracture
mechanics [35—40]. These new DIC codes are significantly
improved in their ability to identify and characterize cracks or large
shear band character. Rethore et al. [37,38] has fully described shear
band formation by coupling an extended finite element method
that can compute discontinuities with the DIC method. Further-
more, DIC codes have been implemented [35,40] that directly
capture discontinuities from DIC computations. Valle et al. [35]
used the properties of the Heaviside functions to solve the problem
of kinematical discontinuities and demonstrated the use of this DIC
code for fracture mechanisms. A subset splitting method was used
by Poissant et al. [40] to characterize crack opening. Along with the
discontinuity tolerant field measurement tool, the microgrid

method has been long used to measure quantitative intragranular
and intergranular strain fields [41—44]. However, the discontinuity
tolerant DIC method has not been combined with high resolution
DIC experimental methods for the measurement of plasticity in
polycrystalline material until recently.

In this study, the properties of Heaviside functions are employed
to solve the problem of kinematical discontinuities. The capabilities
of this new DIC code for the measurement of strain fields and strain
localization in a polycrystalline sample will be shown, comparing
the classical DIC code to Heaviside-DIC. The Heaviside-DIC method
has been extended for the automated identification of slip system
types. Furthermore, the out-of-plane displacements and in-plane
shearing resulting from slip events are also calculated using the
new code and have been validated using SEM and atomic force
microscopy (AFM) measurements. The discontinuity-tolerant DIC
code provides for the first time physical full-field measurements of
the magnitude of plastic localization at slip bands.

2. Experimental materials
2.1. Material

A polycrystalline powder metallurgy processed nickel-based
superalloy, René 88DT, was investigated. The nominal composition
of this alloy is 13 %Co, 16 %Cr, 4 %Mo, 4 %W, 2.1 %Al, 3.7 %Ti, 0.7 %Nb,
0.03%C,0.015 %B (wt %) [45]. The microstructure of this alloy consists
of a ¥ matrix and two populations of gamma prime (vy/) precipitates:
larger secondary and hyperfine tertiary v/ within the grains. The size
of the secondary v/ phase is about 100—200 nm, while tertiary 7/
precipitates are several nanometers in diameter. Crystallographic
features have been previously studied using electron backscatter
diffraction (EBSD) measurements showing that the material pos-
sesses very weak crystallographic texture, a large population of =3
boundaries, an average grain size of 26 um [5,46]. Single crystals and
oligocrystals of René 88DT were also investigated in this research.
These specimens were produced by vacuum heat treatment at
1050°C for 24 h. Slow cooling results in dendrite-shaped v/ pre-
cipitates with sizes on the order of several hundred of nanometers.

2.2. Mechanical testing, sample preparation and microscopy

Tensile tests were performed at room temperature using a
custom in-situ + 5000 N stage within a FEI Helios field emission gun
system (FIB-SEM) and a FEI Versa3D on flat dogbone-shaped
specimens with a gauge section of 1 x 3 mm. EBSD measure-
ments were performed with an EDAX OIM-Hikari XM4 EBSD de-
tector using a step size of 0.25 um (polycrystalline material) and
2 um (single crystal and oligocrystal material). Diffraction patterns
were acquired using an accelerating voltage of 20kV, a 4x 4
binning and a beam current of 0.2 nA. Prior to deformation, initial
SEM images and EBSD maps were acquired. Tensile tests were
interrupted at various macroscopic total strain levels between
0.85% and 2.5%. Macroscopic strain was measured in-situ using
fiducial markers located at both ends of the gauge length. The axial
loading direction will be referred to as the x-direction and hori-
zontally oriented in all strain maps. A speckle pattern used for DIC
measurements was formed by revealing the intrinsic secondary
and tertiary v/ precipitates in the René 88DT alloy by chemico-
mechanical polishing with 0.05 um colloidal silica for 12 h. Addi-
tionally, specimens were heated at 350°C for several minutes in
order to increase the contrast between the y/ phase and the y
matrix. The SEM images used for DIC measurements with the
corresponding EBSD maps of the same sample area are presented in
Fig. 1(a) and (b) for polycrystalline and single crystal materials. The



use of the high temperature stable v/ phase speckle pattern for DIC
avoids the adhesion problems that occur in some deposited pat-
terns, as described by Sutton [47]. The red and black boxes in
Fig. 1(a) and (b) indicate subset sizes of 32 x 32 pixels (660 nm x
660 nm) and of 90 x 90 pixels (1869 nm x 1869 nm) used for DIC
measurements in polycrystalline material and single crystals of
René 88DT. They were chosen in accordance with the recom-
mended number of speckle grain per subset [47]. The chemico-
mechanical polishing also reveals the microstructure, including
the grain and twin boundary locations, allowing for direct spatial
registration of the SEM images and the DIC strain maps onto the
EBSD maps. In order to characterize slip bands, focused ion beam
(FIB) cross sectioning and atomic force microscopy (AFM) were
performed using a FEI Helios FEG system (FIB-SEM) and AFM
Asylum Syfer.

2.3. Scanning electron microscopy imaging conditions for high
resolution DIC

SEM image sets were acquired before loading and after
unloading from plastic deformation. In order to minimize the
distortion errors inherent to SEM imaging [24,31], SEM parameters
were chosen following the guidelines of Kammers and Daly [24,31],
Stinville et al. [6] and Mello et al. [30]. High magnification images
were taken at horizontal field widths (HFWSs) of 85 um to reduce
imaging distortions. Large electron beam spot sizes and long dwell
times (20 us, 6 min per image), were used to reduce drift distor-
tions. In addition, low acceleration voltages of 5 keV were used to
minimize charging effects and further reduce drift distortion. Short
working distances of 5 mm were used to obtain higher spatial im-
aging resolution and electron beam stability. A National Instru-
ment™ scan controller and acquisition system (DAQ) were used to
control beam scanning in the FEI microscope. This custom beam
scanner removes the SEM beam defects associated with some mi-
croscope scan generators [6]; the procedure is outlined in more
detail elsewhere [6].

3. Heaviside-DIC for plasticity measurements
3.1. Heaviside functions for kinematical discontinuities

The Heaviside-DIC method is a local approach that offers an

Single crystal material

additional treatment of the subsets. The optimization is done on a
subset shape function X*, which is augmented with one jump/step
function U’ and a Heaviside function H, that gives the following
kinematical field description:

First gradient Heaviside function

Rigid body Jump

ou T
U +5x (X=X ) + U x H(X-Xo

Heaviside—DIC method

X=X+

Conventional DIC method

(1)

where X is the subset position in the reference image, ()_( - Xo ) is

the position in the subset and U is an in-plane translation. The
jump/step function corresponds to the magnitude of the kine-
matical discontinuity in the horizontal and vertical directions as
described by the dy and dy reference frame in Fig. 3. The Heaviside
function describes the precise discontinuity location at any orien-
tation and displacement from the subset center using polar
coordinates:

H()_(f)&,r*,ﬁ*) =H(x,y,r*,0")

=H(x cos(") +ysin(6") —r*) = H(r — r*)
(2)

where (x,y) are the coordinates of a point in the subset, r* is the
minimum distance between the discontinuity and the subset cen-
ter, 6" is the angle of the discontinuity inside the subset and r is the
distance of a point from the subset center. The localization of one
kinematical discontinuity is illustrated in Fig. 3. Identification of the
two parts of the subset that are affected, or not, by a jump in the
deformed image are defined as following:

Hx,y)=0,ifr<r*

Hx,y)=1ifr>1* 3

The discontinuity is described by the Heaviside function and
allows one side of the subset to shift with respect to the other by a
magnitude equal to the jump.

In addition to steps (1) and (2) detailed in Fig. 2, the Heaviside-
DIC method also minimizes the enriched step function at: the

Polycrystalline material

Fig. 1. SEM micrographs of regions from DIC experiments on polycrystalline and single crystal nickel base superalloys, imaged at x 1500 magnification (horizontal field width of
85 um). (a) The associated EBSD map of the same regions. (b) Enlarged images of the speckle pattern contained within a subset region. The black and red boxes indicate the subset
size of 32 x 32 pixels (665 nm x 665 nm) and 90 x 90 pixels (1869 nm x 1869 nm) for the polycrystalline and single crystal material, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. The Heaviside-DIC method was developed as a local approach and offers discontinuity treatment within each subset. It is rooted in conventional DIC methods as it (1) grids
the initial image with subsets that are spaced for a defined step size, (2) runs a preliminary optimization of the cross-correlation coefficient to get the pixel-wise rigid body
displacement for each subset in the deformed image. Conventional DIC methods generally proceed to an additional step labeled (3’) where a second-order approximation of the
displacement is performed. In the Heaviside-DIC method, the final steps (3) consist of identifying discontinuities within the subsets. This begins with assigning various discon-
tinuities in the subset, dividing the subset into two sides with a Heaviside function, and performing simultaneously second-order approximation of the displacement on each side of
the Heavisided-subset, and finally obtaining the jump. This process is repeated for various discontinuity locations and optimization by the Newton method is performed to find the
exact position of the physical discontinuity. If the value of the jump is null, then no discontinuities are detected and results are the same as classical DIC method with a second-order

approximation.

kinematics jump (dx,dy), the Heaviside function parameters (r*, 6*)
and the first gradient on the two sides of the heavisided-subset
(H=0 and H=1). This consists of assigning a discontinuity to the
subset shown schematically in step (3) in Fig. 2, and performing
simultaneously second-order approximations of the displacement
on each side of the Heavisided-subset, and finally obtaining the
jump for the discontinuity considered in step (3). This process is
repeated for various discontinuities locations and orientations and
then optimization is performed to determine the exact position of
the physical discontinuity. If the jump values dyx and dy obtained
from the optimization are null, then no discontinuities are detected
and the results are the same as a classical DIC method with second-
order approximations in the subset shape function. Therefore
subsets containing discontinuities are identified as those with non-

zero jump values, along with the location and orientation of the
discontinuity (r*, *) and the shift between the two sides of the
discontinuity defined as the jump/step (dx,dy).

During the optimization process and in the presence of a
discontinuity inside the subset, each heavisided part contributes to
the whole subset correlation. All parameters are optimized in a
single process and each subset is treated separately. The optimi-
zation process is performed with a Newton based optimization
method. The present code was performed with CUDA accelerated
libraries and computed on 4 parallel Graphics Processing Units
(GPUs).

All the H-DIC and DIC results presented in this paper were
processed with a 2 pixel step (41.6 nm), which means that every 2
points in the original image yields one measurement, resulting in a
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Fig. 3. Discontinuity description inside of a single subset by the Heaviside-DIC
method. Subsets that have discontinuities are detected and described by their loca-
tion inside the subset (*, §*) and the jump/step of the discontinuity (dy, dy) along the
horizontal and vertical directions. The parameter r* represents the minimum distance
from the discontinuity to the subset center after optimization. The parameter §* dis-
plays the angle of the discontinuity inside the subset after optimization.

data grid 4 times smaller than the original image. The sample
preparation, imaging conditions and H-DIC parameters allow a
discontinuity detection resolution between 0.2 and 0.5 pixel (4 nm
and 10 nm respectively). H-DIC results were obtained considering
one displacement jump in the subset shape function. This choice
and limits of the method are further explained in the discussion
section.

3.2. Plasticity quantification with conventional DIC vs Heaviside-
DIC

The Heaviside-DIC and Classical DIC are first compared through
their raw displacement data output so as to avoid artifacts intro-
duced by post-treatment. Then displacement fields are derived
with finite central difference method to obtain mechanical strain
map. In the present paper, exx strain maps are used as mechanical
indicators to compare the two DIC algorithms and to shed light on
the validity of the measure in the vicinity of slip bands.

Displacement fields measured after plastic deformation to 1%
macroscopic strain in a polycrystalline nickel base superalloy are
presented in Fig. 4 for various subset sizes using conventional DIC
compared to the Heaviside-DIC method. The region shown after
deformation in Fig. 4(b) displays multiple slip traces that are evi-
dence of local discontinuities. The displacement fields measured
using a conventional DIC method are displayed in Fig. 4(d)—(f) for
increasing subset sizes of 15 x 15 pixels (312 nm x 312 nm), 31 x
31 pixels (645 nm x 645nm) and 45 x 45 pixels (936 nm x
936 nm), respectively. The conventional DIC measured displace-
ment fields calculated using large subset sizes are physically
distributed over larger distances surrounding the slip discontinu-
ities as shown in Fig. 4(f). Large gradients are visible as extended
blurred regions in the displacement fields surrounding the loca-
tions where discontinuities occur. This blurring results from the
requirement that conventional DIC must measure continuous de-
formations between the reference and the deformed image. In the
conventional DIC method, displacement fields calculated with a
small subset size display relatively sharp displacement gradients

nearby discontinuities, as shown in Fig. 4(d). However, loss of
correlation occurs nearby discontinuities once the size of the jump/
step at the discontinuities is of the same order of magnitude in
length as the subset size. For instance, in Fig. 4(d) the discontinuity
jumps/steps are about 200 nm in width while subset size is
312 nm x 312 nm.

A direct comparison between the displacement fields calculated
with a subset size of 31 x 31 pixels (645 nm x 645 nm) using
conventional DIC and the Heaviside-DIC method in Fig. 4(e) and (c).
The Heaviside-DIC method results show a displacement field con-
taining sharp jumps at the discontinuities without loss of correla-
tion. Line profiles extracted perpendicular to the slip band
discontinuities in the displacement maps in Fig. 4(b) are presented
in Fig. 5(a) and (b) for a range of subset sizes using conventional DIC
and the Heaviside-DIC method. Continuous gradients in displace-
ments are observed across the discontinuities in the conventional
DIC method results, whereas discrete (discontinuous) jumps result
from Heaviside-DIC methods. The intrinsic method of the Heaviside
functions solves the problem of kinematical discontinuities and
therefore captures discrete jumps at discontinuities. The gradients
of displacement from conventional DIC method are observed to
depend on the subset size, as shown in Fig. 5(b), which is physically
inconsistent with the local shearing processes. With the Heaviside-
DIC method, the jumps at discontinuities are the same for different
subset sizes. Therefore strain profiles, as shown in Fig. 5(c), that
evidence discontinuities are unique using Heaviside method while
they are analysis parameter-dependent when using conventional
DIC method.

This highlights a very important issue with respect to quantifi-
cation of plasticity at the microstructural scale. While continuum
mechanics analyses are well suited to describe plasticity at the
multi-grain scale, they are no longer strictly applicable at the sub-
grain scale examined here by Heaviside-DIC. Importantly the
discontinuity tolerant H-DIC code enables new opportunities for
analysis of plasticity at the scale of individual slip planes crossed by
finite numbers of dislocations. In the following section, metrics
adapted to describe discontinuities will be used to characterize slip
induced by plasticity.

3.3. In-plane sliding and in-plane shearing displacements at slip
bands

During mechanical loading at room temperature the nickel base
superalloy René 88DT undergoes non-reversible plasticity that
manifests in the formation of slip bands, displayed in Fig. 6.
Consequently, slip traces at the free surfaces of specimens are
observed, such as in Fig. 6(b), each associated with a local surface
step as shown in Fig. 6(c). This step is produced by dislocations
emerging at the surface during plastic deformation by gliding along
a crystallographic plane [1]. Shearing occurs locally in the material
between both sides of the slip trace and can be described by vector
components. The shearing vector components referenced to the
surface plane will be referred to as in-plane sliding and in-plane
shearing displacements, respectively, as depicted in Fig. 7(a). The
in-plane sliding and shearing displacements are contained in the
plane of the free surface and are the two components of the in-
plane slip vector 7 in the slip trace reference. The in-plane slip
vector 7 shown in Fig. 7(b) represents the physical in-plane
displacement of the material on the "left” side of the slip trace in
comparison to the material on the "right” side of the slip trace. The
in-plane slip vector 7 corresponds to the projection of the exper-
imental accumulated Burgers vector (Fig. 7(b)) onto the surface of
the specimen. The accumulated Burgers vector represents the
magnitude and direction of the shearing in the gliding plane that
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Fig. 4. Displacement measurements on polycrystalline nickel base superalloy after plastic deformation at 1% macroscopic deformation by Heaviside-DIC (c) and conventional DIC (d
to f). (a) SEM image after plastic deformation at 1% macroscopic deformation. The associated EBSD map is given in the insert. (b) Enlarged images of the region of interest. Heaviside-
DIC measurements capture the displacement of the discontinuities with high spatial resolution while not increasing the noise in the displacement measurement.

results from accumulated lattice distortion caused by dislocations
emerging at the surface of the material along a given slip plane. The
accumulated in-plane slip vector 7 can be also characterized by an
angle v and a norm || 7|| as shown in Fig. 7(b).

The accumulated in-plane slip vector 7 can be obtained sys-
tematically by solving the problem of kinematical discontinuities
using the Heaviside-DIC method for slip bands that develop during
plastic deformation. The correlation of deformed and undeformed
images by the Heaviside-DIC method provides the displacement
field in the reference of the specimen, as shown in Fig. 8(a).
Furthermore, the location and orientation of any discontinuities
that exist within all subsets are obtained. A map containing the
location of a discontinuity is presented in Fig. 8(b) for a single slip
band that developed during plastic deformation in a single crystal
of nickel base superalloy subject to 2.5% macroscopic deformation.

The angle of the discontinuity (6*) is obtained for each subset, and a
map of these angles can be plotted as function of the subset posi-
tion as shown in Fig. 8(b). The Heaviside-DIC method also provides
the step (dy,dy) in the reference of the specimen for every subset
that contains discontinuities. All these outputs are referenced with
the specimen surface. For the investigation of slip during plastic
deformation, the outputs need to be projected into the reference of
slip band. Fortunately, the discontinuity location (position and
angle) allows for the projection of the step at a discontinuity for
every subset along the direction of each discontinuity. Therefore,
the magnitude of in-plane shearing, in-plane sliding displacements
and the accumulated in-plane slip vector 7 can be obtained for
every subset that has a discontinuity, as shown in Fig. 8(c). The full
description of the shearing at the surface is obtained from
Heaviside-DIC method, including the angle v* that characterizes
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Fig. 5. Displacement and strain profile according to DIC parameters across slip bands along the profile depicted in Fig. 4 on a polycrystal nickel base superalloy after 1% macroscopic
plastic deformation. (a) The discontinuities induced at the slip bands are captured in the horizontal displacement along the loading direction by the Heaviside-DIC while a pro-
gressive increase in displacement is obtained by conventional DIC. (a-b-c) Displacement and strain profiles across a slip band are parameter-dependent using conventional DIC

while they do not depend on the DIC parameters when using Heaviside-DIC.

the accumulated in-plane slip vector, which is obtained at every
subset.

The Heaviside-DIC method has been used to describe plasticity
produced by tensile deformation to 2.5% macroscopic strain in a
single crystal nickel base superalloy. Post deformation SEM images
of two regions are displayed in Fig. 9(a) and (e), with the associated
EBSD orientation information given in the insert. The surface traces
of the {111} plane were computed from the EBSD orientation
measurements and are given in insert in Fig. 9(b). Tensile loading
along the x-direction activates slip in the (111) crystallographic
plane family. The slip bands labeled S1, S2 and S4 are shown to cross
the entire region, however the slip band labeled S3 terminates in
the middle of the region in Fig. 9(e). The exx strain computed from
the displacement field measured using the Heaviside-DIC method
is shown in Fig. 9(b) and (f) for the region in Fig. 9(a) and (e). Sharp,
high intensity lines of discontinuities at the location of the slip
traces are clearly visible in the strain maps. The in-plane sliding
displacement values are shown in Fig. 9(c) and (g) for the two re-
gions of interest. The values of the in-plane sliding displacements
along the bands labeled S1 to S4 are reported in Fig. 10(b), where
different intensities are observed for different bands. Constant in-

plane sliding displacement occurs along the slip bands S1, S2 and
S4, while less in-plane sliding displacement occurs in slip band S3,
which terminates in the middle of a grain. The accumulated in-
plane slip vector 7 is reported for the two regions of interest in
Fig. 9(d) and (h) and the accumulated in-plane slip angles along the
slip bands are shown in Fig. 10(c). The direction of the vector angles
v* are identical for all the slip bands indicating that the different
slip bands, despite having different intensities of in-plane sliding
displacement, occur due to slip in a single type of system.

At the scale of the microstructure, plasticity is associated with
slip bands emerging at the surface. These slip bands are the result of
the dislocation movement along octahedral planes that produce
atomic mismatch and small step-like displacements in the crystal.
For a given active slip system, the dislocations glide produces a
displacement along the Burgers direction and produces a constant
in-plane sliding/in-plane shearing ratio at the surface, resulting in a
constant angle vy of the accumulated in-plane slip vector for the slip
band with the same slip system activity. The discontinuity angles 6*
along each subset of the investigated slip bands in Fig. 9 are pre-
sented in Fig. 10(a). Unsurprisingly, identical angles are observed
for the different slip bands since they originate from the same slip



Loading

direction

\ ; Loading
1 mm direction
(c) AFM Moo (d) Cross section
300 nm
Pt. deposition 200 nm

100 nm

0 nm
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Fig. 7. Slip band at the surface of a single crystal of nickel base superalloy after plastic deformation to 2.5% macroscopic strain: (a—b) description of the in-plane shearing and sliding
displacements induced by slip during plastic deformation. The surface step and shearing are produced by dislocations emerging from the sample surface, which develop during
plastic deformation and gliding along the Burgers direction in a crystallographic plane. The in-plane components, shearing and sliding displacements, are forming the accumulated
in-plane slip vector 7 as depicted in green in (b). Theoretically, the accumulated in-plane slip vector is also the projection of the accumulated Burgers vector in the plane of the
surface. The angle denoted 4 is the angle between the loading direction and the surface slip trace. The angle y represents the inclination of the accumulated in-plane slip vector,

referenced to the slip trace. The color scale in insert will be used in the following. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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plane vector 7 is obtained for each slip band produced by plastic deformation.

system and these angles correspond to the average angles 6* of the
slip traces as defined in Fig. 8.

The Heaviside-DIC method has also been used to analyse plas-
ticity induced by consecutive tensile deformation steps to 0.86% and
then 1.5% macroscopic total strain in an oligocrystal of a nickel base
superalloy. The SEM images after deformation at 0.86% and 1.5%
macroscopic strain of a region of interest are displayed in Fig. 11(a)
and (e). The associated EBSD maps are given in the insert and show
two grains labeled G1 and G2. The exx strain component is calculated
from the displacement fields obtained from the Heaviside-DIC
method in Fig. 11(b) and (f) for the two level of deformation. With
increasing deformation the number of slip bands that develop per
grain increases. The grain labeled G1 develops two sets of slip bands
which are either along the crystallographic planes (111) or (111),
while the grain labeled G2 has single slip along the (111) plane. The
in-plane shearing displacement and accumulated in-plane slip
angle maps are shown in Fig. 11(c and g) and (d and h), respectively,
for the two deformation levels. The values of the slip trace angle, in-
plane shearing displacements and accumulated in-plane slip angles
along the slip bands labeled S5, S6 and S7 are displayed in

Fig. 12(a—c) for the two deformation levels. While an increase in in-
plane shearing displacement is observed for each single slip band
from 0.86% to 1.5% macroscopic strain, the accumulated in-plane slip
angles remain identical. This can also be seen for all slip bands from
the same slip system in Fig. 11(d) and (h).

3.4. Automated identification of activated slip systems

The combination of the Heaviside-DIC method to locate slip
discontinuities with EBSD measurements for grain orientations
permits the determination of the slip system activity. EBSD mea-
surements provide the orientation of the crystallographic planes
likely to activate during plastic deformation as presented in the
insert in Fig. 9(e). The angle § is calculated (see Fig. 7) for each of the
four {111} planes and the twelve {111}(001) slip systems considered
for face centered cubic (fcc) materials deformed at room temper-
ature. The Heaviside-DIC method provides a measurement of the 6*
angle along each of the observed slip traces. The angles extracted
from the EBSD measurements and the Heaviside-DIC method are
provided in Fig. 13 for slip bands labeled S1 to S4 in a deformed
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Fig. 10. Slip trace angles (a), in-plane sliding displacement (b) and angles of the in-plane slip vector (c) along selected slip bands (see Fig. 9) from on a single crystal nickel base

superalloy after plastic deformation to 2.5% macroscopic deformation.

single crystal nickel base superalloy. The theoretical slip trace an-
gles extracted from the EBSD measurement are represented as the
function of their Schmid factors, assuming macroscopic loading
direction along x in Fig. 13(a). Heaviside-DIC measured slip trace
angles are reported in Table 2 as averages and standard deviations.
The experimental slip trace angles for the slip bands labeled S1 to
S4 correspond to the theoretical traces that display the highest
Schmid factors. The slip plane for all slip bands can be determined
using the Heaviside-DIC measurements, assuming that slip occurs
along the {111}(001).

Heaviside-DIC additionally provides

measures of the

accumulated slip angles that correspond to the y angles in Fig. 7(b).
The y* angles obtained by Heaviside-DIC are calculated for every
subset and provide discrete local measurements, in comparison to a
single value derived from an average grain orientation for instance.
In the present article, results from the discrete local approach
Heaviside-DIC are displayed using the symbol *, while results from
average measurements are displayed without.

The theoretical angles and Schmid factors calculated from the
EBSD measurements are displayed in Fig. 14(a) for the twelve
possible {111}(011) slip systems. Nine of them are rejected since
they do not correspond to the slip plane determined from the slip
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trace observed on the specimen surface. The theoretical angles
calculated from EBSD measurements are displayed in Fig. 14(b) for
the three {111}011) slip systems for the active slip plane and their
Schmid factor. The average accumulated in-plane slip angles for the
slip bands labeled S1 to S4 are presented in Fig. 14(c). The experi-
mental values match the (111)[101] slip system, that possesses the
highest Schmid factor. Therefore, using Heaviside-DIC the active
slip system among the twelve possible {111}(001) slip systems can
be identified.

The same analysis was performed for the grain labeled G1 and
G2 in the region in Fig. 11 and is displayed in Table 3. The accu-
mulated in-plane slip angles obtained from Heaviside-DIC for the
slip band labeled S5 and S6 correspond to the slip system with the
highest Schmid factor. The slip band labeled S6 has a different
active slip system, also with a high Schmid factor, which was
correctly identified by the Heaviside-DIC method. The identifica-
tion of the active slip system can be challenging without knowing
the active slip plane because the theoretical angles (based on the
in-plane slip angle) of the twelve slip systems can be close in value.
However, identification of the activated slip system is straightfor-
ward once the slip trace angle and the accumulated in-plane slip
angle measured by Heaviside-DIC is compared to the theoretical
angles from EBSD.

3.5. Out-of-plane measurements by Heaviside-DIC coupled with
EBSD

Slip system identification by Heaviside-DIC and crystallographic
orientation (EBSD measurements) provides knowledge of the
accumulated in-plane slip vector 7 and therefore the accumulated
Burgers vector (and the norm) labeled in Fig. 7(b). With this in-
formation, the step height as displayed in Fig. 7(b) can be obtained
along the slip bands. The step heights along the slip bands labeled
S1 and S3 in Fig. 9 were calculated from the Heaviside-DIC method
and are displayed in Fig. 15(a). For comparison, AFM measurements
at the exact location of the slip bands S1 and S3 in Fig. 9 and the
AFM step heights are shown in Fig. 15(b) and (c), respectively. A
platinum deposited fiducial region and the slight roughness of the
precipitate microstructure allowed for careful alignment of the DIC
and AFM measurement data. A good correlation between the re-
sults obtained from Heaviside-DIC method and AFM measurements
were observed, even for the partially emerging slip band.

In the following section, one example is presented for the
analysis of plastic deformation in a specific grain of a polycrystalline
material. The full statistical analysis of an entire DIC dataset will be
presented in a future paper.

4. Application of the Heaviside-DIC to plasticity for
polycrystalline materials

Conventional DIC and Heaviside-DIC methods were applied to
René 88DT, a polycrystalline nickel base superalloy, that was loaded
in tension to 1% macroscopic total deformation. The experimental
procedure is given in greater detail elsewhere [6]. The strain fields
obtained from the conventional DIC method [6] and Heaviside-DIC
is shown for two regions in Fig. 16(b) and (c). The strain maps from
conventional DIC and Heaviside-DIC were obtained with DIC pa-
rameters of 21 x 21 pixels (437 nm x 437 nm) and 50 x 50 pixels
subsets (1040 nm x 1040 nm) respectively. Despite the large subset
size, the Heaviside-DIC provides a characterization of all slip events
formed by plastic deformation and reveals very fine-scale slip
events, such as the 2 parallel slip bands in the middle of Fig. 16(c).

While strain window sizes are on the order of several hundreds
of nanometers with conventional DIC [6], strain windows of the
size of the pixel (= 20 nm) are obtained with discontinuity-tolerant
DIC methods. Therefore, the signal to noise ratio of strain maps
obtained using Heaviside-DIC method is significantly increased in
comparison to conventional DIC method as shown in Fig. 5. In the
following, statistical analysis tools are presented for the analysis of
results obtained by Heaviside-DIC method.

A more thorough analysis of each slip band provides informa-
tion on the crystallographic slip band character and the local level
of deformation. Fig. 17 presents an example of the slip character of a
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Fig. 12. Slip trace angles (a), in-plane shearing displacement (b) and ratio (c) along selected slip bands (see Fig. 11) from an oligocrystal nickel base superalloy after macroscopic

plastic deformation to 0.86% (left) and 1.5% (right).

grain.

The grain displays several slip bands that are detailed in
Fig. 17(d). The activated slip system is the same for all slip bands in
Fig. 17, but the intensity (in-plane shearing displacement, in-plane
sliding displacement, i.e. in-plane slip vector) of the slip bands
depend on the band length. Short slip bands show a low in-plane
slip vector norm | 7'|| while long bands have a high accumulated
in-plane slip vector norm. However, at a given slip band length the
intensity of the localization saturates, suggesting that during
deformation, dislocations accumulate and saturated in single slip
band. After saturation of a slip band, other dislocation sources are
activated, forming other new bands. After a band is saturated,
dislocations in a single slip may not have sufficient energy to reach

the free surface. In general, Nabarro et al. [48] concluded that the
required step energy is less than the energy of the dislocation.
Therefore, a clean surface will not present a barrier to dislocation
egress. However, it has been demonstrated [49,50] that the surface
step produced by slip produces a back stress in the gliding plane
that may prevent further dislocations from reaching the surface.
The back stress directly depends on the extrusion step and step
angle. This may explain the saturated accumulated Burgers vector
norm obtained experimentally. The intensity of the localization has
also been observed to be lower in Fig. 17 at the intersection of a slip
band with a grain boundary, indicating that dislocations do not
emerge as much as in the center of the grain. Most likely this occurs
when dislocations pile up at the grain boundary, preventing further
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the activated {111} slip plane.

Table 1
Computational time comparison between Classical DIC and H-DIC with the same
parameters and executed on the same machine with 4 GPUs.

Algorithm Classical DIC Heaviside DIC

Subset shape function 15t gradient 15t gradient

Subset size (px) 32 64 32 64
Duration (h:min:sec) 00:03:40 00:14:35 00:12:40 01:03:50

Table 2
Slip trace angles for investigated slip bands that developed during plastic defor-
mation of a single crystal and oligocrystal.

From EBSD From SEM From Heaviside-DIC

0 Average " Std. dev.
S1 49.3° 50.5° 50.7° +10.1°
S2 49.3° 50.2° 50.8° +6.7°
S3 49.3° 50.7° 50.6° +7.6°
S4 49.3° 50.5° 50.7° +5.8°
S5 43.6° 44.4° 43.7° +9.4°
S6 149.6° 152.5° 150.41° + 6.4°
S7 137.3° 135.5° 135.9° +4.7°

dislocations from emerging from the surface. This phenomena may
also induce hardening on the slip plane and prevent further
dislocation motion in the presence of a gliding plane. Furthermore,
in this investigated grain, no transmission into the neighbouring
grains was observed.

5. Discussion
5.1. Discontinuity-tolerant DIC methods
The discontinuity-tolerant DIC method with high resolution

SEM images has been developed to characterize the slip bands that
develop during plastic deformation. For the first time, the residual

plasticity can be described quantitatively on mm-scaled statistically
representative areas. In comparison to other discontinuity-tolerant
DIC methods [38—40], the Heaviside-DIC method is particularly
adapted to describe the discontinuities obtained from slip bands
and PSBs. The Heaviside-DIC method provides a unique solution of
the location of kinematical discontinuities, with no prior user in-
puts such as those required by the subset splitting method [40] or
the X-FEM method [38,39].

The automated detection of the discontinuities by the optimi-
zation process comes with the cost of high computational time,
which is summarized in Table 1 for the analyses shown here and
discussed in detail in Ref. [35]. Fortunately, since each subset
calculation is independent, Graphics Processing Units have been
used for fast computations of very large datasets.

The subset size has little effect on the ability to capture locali-
zation and the amplitude of the discontinuities even considering
only one displacement jump in the subset shape function. There-
fore, the use of larger subset sizes is generally preferred in order to
decrease measurement uncertainties without sacrificing spatial
resolution, which is the major trade-off in conventional DIC
methods.

The only cases which may give less accurate measurements
concern crossing and parallel discontinuities inside the subset. In
the case of parallel bands, the subset size does not have an effect on
the displacement jump measured from each of the considered
bands, but the subset size does have an effect on the detection of
two parallel displacement jumps inside a subset. According to our
testing on synthetic images, based on a given window size, the
algorithm can properly detect 2 bands spaced up to a min distance
of 1/5 of the window size. The spacing and width of displacement
jumps does not dramatically affect the scalar values shown in Fig. 8.
For multiple crossing displacement jumps, the algorithm will
converge to the optimal cutting of the subset which yields the best
correlation. Namely the displacement jump that will be taken into
account is the one which affects the major part of the subset. In the
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Fig. 14. Comparison between the theoretical {111}{011) in-plane slip vector angles calculated from EBSD measurements (a—b) and in-plane slip vector angle obtained from
Heaviside-DIC (c) for slip bands labeled S1 to S4 from the regions of interest in Fig. 9. The angles obtained from Heaviside-DIC are an average of angles along a single slip band. (b)
In-plane slip vector angles calculated from EBSD measurements that correspond to the activated {111} plane. Heaviside-DIC allows identification of the activated {111}011) slip

system.

Table 3

In-plane slip angles for investigated slip bands that developed during plastic
deformation of a single crystal and oligocrystal. The theoretical in-plane slip angles
were obtained based on EBSD orientation measurements and are represented for
the activated slip plane.

From Heaviside-DIC

Theoretical in-plane slip angle y

(b) Slip band S1

(T11)[011] (T11)[101] (111)[110] Average v* Std. dev.
S1 3.3° 58.1° 48.6° 64.4° +10.2°
S2 3.3° 58.1° 48.6° 64.1° +5.5°
S3 3.3° 58.1° 48.6° 59.5° +10.9°
S4 3.3° 58.1° 48.6° 63° +5.8°
(T11)[011] (T11)[101] (T11)[110]
S5 15.4° 1.8° 77.5° 6.6° + 6.5°
(111)[011] (111)[101] (111)[110]
S6 163.6° 169.2° 20.5° 167.5° +5.4°
(111)[011] (111)[101] (111)[110]
S7 149.6° 177.6° 82.3° 174.8° +4°
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majority of cases encountered, the assumption of one displacement
jump inside a subset is valid.

There is a limitation on the maximum subset size that can be
used, since the computational time increases significantly with
increasing subset size. A comparison of the computational cost is
shown in Table 1. Moreover, it is assumed that the subset is small
enough so that the discontinuity is a linear defect at the subset
scale. The Heaviside-DIC method also allows for the computation of
several discontinuities per subset [35], however the computational
time expands significantly with this condition (25.6% increase in
computation duration by adding one discontinuity).

5.2. Measurement of plastic localization

Using conventional DIC, plastic localization is typically investi-
gated through the analysis of the strain field (exx, eyy and exy) ob-
tained during a loading experiment. However, conventional DIC
cannot address the non-continuous displacement field that exists
at a discontinuity. This can be observed when the strain measured
at and around a discontinuity changes as a function of both the DIC
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Fig. 15. (a) Step height for two selected slip bands (see Fig. 9) on a single crystal nickel base superalloy after macroscopic plastic deformation to 2.5% calculated by Heaviside-DIC
and measured by atomic force microscopy (AFM). (b—c) The map of height obtained from AFM measurements for the two investigated slip bands.
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Fig. 16. Systematic discontinuity analysis on polycrystalline nickel base superalloy after macroscopic plastic deformation to 1%. (a) EBSD maps of the region of interest. (b—c) Strain
maps showing the development of slip bands during plastic deformation using conventional DIC and the Heaviside-DIC method.

and strain calculation parameters such as the subset size and strain
grid [6]. There are several other considerations that limit the
analysis of plastic localization when using conventional DIC, which
are discussed presently.

The direct comparison of DIC measured strain fields can only be
performed if they use the identical parameters for DIC collection
and processing and strain calculation. In the presence of a discon-
tinuity though, the scale of the measured conventional DIC mea-
surements do not have any physical meaning at the discontinuity. A
measured conventional DIC strain field contains strain produced by
both elastic and plastic deformation. For instance, the presence of a
slip band discontinuity will produce high strain values that affect
the local physical elastic field present from deformation. Moreover,
the extent of this effect on the elastic strain field is DIC parameter
dependent. Intrinsically, the continuum mechanics definition of
strain is not suited to represent plastic strain localizations that
produce kinematical/discontinuous steps. The shear component eyy
of the strain field is typically used to characterize the emergence of
slip. However, slip bands do not necessarily form 45° off of the
loading direction, making a comparison between bands with
different orientations challenging.

The Heaviside-DIC method addresses localization and kine-
matical jumps or steps generated at discontinuities. The results
obtained from the Heaviside DIC method (r*, ¢", dx and dy) are
displayed in the reference of the specimen, defined by the hori-
zontal X and vertical Y directions. The local angle of the

discontinuity 6" defined at each subset can be used to measure the
jump/step (dx, dy) in reference to the discontinuity and therefore
the in-plane sliding displacement, shearing displacement, and their
ratio as displayed by the local y (y*) in Fig. 7(b). These quantities are
physically based values of the plastic localization at the disconti-
nuities. This local approach allows for the analysis of the in-plane
character of all slip bands in a Heaviside-DIC measurement field.
If parallel EBSD measurements are made on the same field as DIC
information is collected, then the crystallographic orientations of
the grains where slip bands develops can provide theoretical values
for the contribution of slip by shearing in comparison to sliding (7y)
based on the slip system. This methodology was first developed by
Chen et al. [33] and provides the slip plane and direction of the
activated slip system. This method assumes that the surface step is
produced by the emergence of dislocations that move along a di-
rection equivalent to the active slip direction in the active slip
plane.

In the investigated nickel base superalloy, despite the presence
of precipitates that generate complex local dislocation structures
(dislocation dissociation, decorrelation, pinning [51] and constraint
of the coherent or semi-coherent precipitates [52]), the in-plane
shearing/in-plane sliding ratio (y*) always corresponds to a theo-
retical value from a {111}(011) slip system. This indicates that for
the investigated levels of deformation, the local dislocations that
emerge at the surface are equivalent to full dislocations moving
along a (011) slip direction. In this sense, H-DIC provides an
important new experimental validation approach for dislocation-
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Fig. 17. Quantitative plastic localization measurements for a grain that displays no slip transmission. (a) EBSD map of the grain with the plane trace overlaid. Plane traces were
obtained from average EBSD grain orientation (b) Corresponding in-plane shearing displacement map and (c) in-plane slip angle showing dense intragranular activity. (d) Com-
parison between the theoretical {111}(011) in-plane slip vector angles calculated from EBSD measurements and in-plane slip vector angle obtained from Heaviside-DIC for the 11

slip bands. (e) Accumulated in plane slip norm from the Heaviside-DIC height calculation.

scale simulations, such as discrete dislocation dynamics (DDD) [8].

The in-plane character of a slip band obtained by the Heaviside-
DIC method combined with the crystallographic grain orientations
allows for the calculation of the local value, at every subset, of the
out-of-plane step produced by slip. The out-of-plane step is directly
related, by the Burgers vector, to the number of dislocations that
emerge from the surface of the specimen. Therefore, the present
experimental technique and Heaviside-DIC provide a means of
quantitatively measuring the plastic deformation at a discontinuity.

6. Conclusions

The properties of the Heaviside functions were employed to
solve the problem of kinematical discontinuities that result from
plastic deformation and challenge conventional digital image cor-
relation (DIC) methods.

The discontinuity-tolerant code provides a new approach for
investigation of plasticity at the individual slip system scale in a
quantitative and statistical manner and can be used to validate/
calibrate numerical simulations that aim to describe the physical
phenomena involved at this scale such as crystal plasticity (CP),
with explicit description of dislocations and discrete dislocation
dynamics (DDD). The Heaviside-DIC method has been extended for
the automated identification of slip system types and direction.

Furthermore, the ability to measure out-of-plane displacements
and in-plane shearing resulting from slip events has been
demonstrated and validated using SEM and AFM measurements.
The discontinuity-tolerant DIC code presented in this paper pro-
vides physical full-field measurements of the magnitude of plastic
localization at slip bands.
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