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A B S T R A C T

The recent development of the high resolution and discontinuity-tolerant digital image correlation technique
enables the extraction of discontinuities within a displacement field. The technique provides quantitative ana-
lysis of discontinuities arising from slip, shear bands, cracks, and grain boundary sliding in a variety of material
systems, including polycrystalline metallic materials. The discontinuity-tolerant digital image correlation
method can be implemented to retrieve not only quantitative discontinuity analysis but also the local strain and
rotation fields that operate near these discontinuities. The present implementation includes high-resolution
digital image correlation (HR-DIC) measurements collected in a scanning electron microscope for analysis of
both the plastic and elastic fields that develop during deformation of polycrystalline metallic materials. The
combination of the discontinuity-tolerant DIC technique with the computation of internal gradients enables
extraction of non-localized strain and rotation fields during plastic deformation of a nickel-based superalloy.
Therefore the lattice rotation/expansion and plastic localization that occur during deformation can be de-
termined in a single experiment. This method is validated using synthetic images with preset deformation, and
experimental measurements using the electron back scatter diffraction (EBSD) technique.

1. Introduction

The quantitative assessment of strain fields is essential to under-
stand the deformation response of materials and to accurately relate the
local mechanical behavior to the global loading conditions. Strain fields
computed from displacement fields can be directly obtained experi-
mentally using various advanced tools such as the grid method [1],
mark tracking techniques [2], interferometry [3], moire techniques [4]
and digital image correlation (DIC) [5]. However, these techniques
provide continuous displacement fields that are not adapted to describe
kinematical discontinuities that develop during irreversible deforma-
tion of materials, which include cracks, shear bands, slip bands, per-
sistent slip bands, grain boundary sliding, delamination, and interface
decohesion [6]. Recently, it was demonstrated that conventional DIC
can be adapted to capture kinematical discontinuities inside a dis-
placement field by coupling it with the finite element method (FEM)
[7–9]. However, this approach requires knowledge of the exact location

of the discontinuities within the displacement field prior to calculation,
which prevents systematic measurement. Other attempts have adopted
a local approach to solving this problem using post analysis of the
displacement field [10,11]. More recently, a new local DIC approach,
called Heaviside-DIC, has been developed. This approach considers
kinematical discontinuities inside each subset during the correlation
step of analysis, and has been applied and validated for 2D and 3D
displacement fields [12–14]. The conventional DIC method only pro-
vides displacement results that are filtered and non-representative near
discontinuities; this is due to the low-pass filtering effect of the classical
kinematic representation. However, the Heaviside-DIC approach elim-
inates this shortcoming and extracts accurate displacement fields near
discontinuities [12–14]. Its viability has been demonstrated for de-
formation of materials that involve discontinuities such as cracks [14],
interfacial sliding [12], and slip bands [6].

Moreover, strain fields derived from computed displacement fields
that contain discontinuous displacements are also not representative
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using the conventional strain formulation. This is clear as the strain

field derived from conventional DIC during plastic deformation of

metallic materials that exhibit slip localization, is strongly correlated to

the DIC parameters (step, subset and strain window size) [6,15,16].

This prevents quantitative measurement of plastic localization. In the

framework of the Heaviside-DIC method, the contribution of the dis-

continuities to the displacement field can be extracted and the strain

calculation is then applied only on the remaining displacement field

that describes the physical elastic and rotation fields. This methodology

is demonstrated in the present paper using the Heaviside-DIC method.

While the Heaviside-DIC method can be used to investigate various

kinds of discontinuities over a large range of materials (rock, mud,

metals, polymers [6,12,14,17]), this paper focuses on displacement

fields produced by plastic deformation of polycrystalline metallic ma-

terials in the form of slip in the regions between discontinuities in the

scenario where deformation occurs via a combination of continuous

and discontinuous mechanisms. Recently, the combination of scanning

electron microscopy (SEM) and DIC has emerged as a robust method for

experimental quantification of slip localization and accumulation at the

microstructural scale [15,18–29]. This high resolution approach to DIC

gives insights to the phenomena involved in plastic deformation down

to the nanometer scale in materials with complex microstructure.

[15,22,30].

Typical strain fields obtained from high resolution digital image

correlation (HR-DIC) are presented in Fig. 1 for a nickel-based super-

alloy deformed at room temperature at various macroscopic strains

using the conventional DIC and strain formulation [18]. Conventional

DIC methods produce subset size dependent strain values, and prevent

the separation of the plastic, elastic, and rotation fields which exist

during plastic deformation. The plastic displacement field is often

produced by discrete slip events that are induced by dislocation nu-

cleation and motion at the lattice scale [31–33]. However, elastic de-

formation and rotation displacements also occur, and are superimposed

on the plastic localization events at the scale of the microstructure. The

elastic deformation and rotational motion are physically occurring from

lattice rotation due to the presence of stored dislocations [34] or/and

the consequence of slip localization [25] and lattice expansion due to

internal stresses [34]. Plastic slip events often produce highly intense

bands of strain such as those in Fig. 1, when measured using conven-

tional DIC. The sharp displacements produced at the surface result from

the motion of multiple dislocations along an individual or a few closely

spaced slip planes. These intense concentrated bands prevent the ob-

servation of the strain field produced by elastic or non-localized de-

formation nearby the slip bands. For example, the strain field obtained

at 0.31% total deformation during incipient plasticity in a nickel-based

superalloy is presented in Fig. 1(b and c), in the loaded and unloaded

states. In the unloaded condition residual strain is observed as con-

centrated strain bands (black arrow) that correspond to incipient slip

events. Under load, the strain field shows high intensity concentrated

strain bands due to plastic localization and the elastic strain hetero-

geneity associated with microstructure and the inherent elastic aniso-

tropy of the material. The separation of the plastic and elastic strain

components is not directly possible using conventional DIC. At in-

creasing levels of plastic deformation, the elastic and plastic compo-

nents are even more challenging to separate, as is clear from Fig. 1(d),

where the intensity of concentrated strain bands reaches values that are

an order of magnitude larger than the local elastic deformations.

The measurement of the elastic deformation and rotational motion

during macroscopic plastic deformation is of importance in under-

standing the effect of microstructure on damage initiation during

monotonic or cyclic loading. For example, the interaction of slip events

with microstructural features such as grain boundaries, twin boundaries

and phase interfaces have been identified as major factors of im-

portance for crack initiation [32,35–42]. Currently, the primary mea-

surement techniques for the local elastic and rotation fields are syn-

chrotron-based X-ray techniques [43–45] and the high resolution

electron backscatter diffraction technique (HR-EBSD) [34,46,47]. These

techniques have provided great insight into the effect of slip localiza-

tion on local elastic strains [43,46,47]. However, these measurements

can require unique equipment, significant time, are complex, and are

limited to studying physically small regions of material. Furthermore,

they must be combined with other techniques to capture the plasticity

associated with slip events. The use of HR-DIC has recently been de-

monstrated to capture both the elastic field [15] and rotation field

[25,48] produced during deformation at the sample surface. Di Gioac-

chino et al. [25,48] also demonstrated that HR-DIC can measure the

Fig. 1. An example of a high resolution DIC

measurement from SEM images, taken from

[18], exhibiting high strain gradients and

slip localization in bands that are strongely

influenced by the microstructure. (a) Mi-

crostructure from EBSD of the investigated

nickel-based superalloy. (b-c) Strain field

after a total deformation of 0.31% under

load, and after unloading of the specimen

(c). The strain field in (b) displays the su-

perimposition of strain induced by elastic

deformation and incipient plastic events

without distinction. (d) Strain field in the

plastic regime at 1% macroscopic de-

formation. The intensity of strain induced

by slip events is significant with regard to

the macroscopic deformation and prevents

independent analysis of the elastic field and

plastic fields (red arrow). (For interpreta-

tion of the color code in the figure legend,

the reader is referred to the web version of

this article.)



rotation field during plastic deformation when combined with prior
knowledge of the activated slip plane. In all these studies, rotation and
strain measurements were validated far from discontinuities and by
using a displacement difference process. The Heaviside-DIC technique
used in the present paper is able to systematically extract elastic and
rotation fields during plastic deformation (strains, rotations, dis-
continuities) in an automated fashion without prior knowledge. The in-
plane elastic and rotation fields obtained from Heaviside-DIC are vali-
dated against synthetic images, with known displacement fields, and on
real experimental images through comparison to EBSD measurements.

2. Experimental Procedure

2.1. Heaviside Based Digital Image Correlation

Heaviside based Digital Image Correlation (H-DIC) was recently
developed to solve the problem of discontinuities being present inside
subsets [6,12]. The Heaviside-DIC method has been used until now to
extract quantitative measures of the magnitude of discontinuous dis-
placements, systematically over large areas, during material deforma-
tion. This method was developed in 2015 [12] and validated using
synthetic and experimental datasets on a variety of materials and
loading conditions [6,12,14,17,49]. The Heaviside-DIC method is a
local approach that offers additional analysis within subsets. Dis-
continuities at the scale of the subset are described by Heaviside
functions that allow one part of the subset to shift with respect to the
others by a magnitude equal to the physical discontinuities. The ori-
ginal Heaviside-DIC code itself remains unchanged for the present in-
vestigation, however the processing of the displacement results (first
gradient) at the scale of the subset is implemented as described in the
following Section 3. This provides separation of the discontinuous and
continuous components of the displacement field, which is not directly
possible using conventional DIC. The detection of the discontinuities by
the Heaviside-DIC method comes with the cost of long computational
times, which is summarized in ref. [6]. Fortunately, since each subset
calculation is independent, massive code parallelization utilizing gra-
phics processing units (GPUs) has been used for the fast computation of
very large datasets. The results obtained from the Heaviside-DIC
method are compared to the ones obtained using a conventional DIC
code. The conventional DIC code used in the present study utilizes the
classical optimization of the subset shape function by rigid body and
first gradient displacements.

During mechanical loading, metals such as the investigated nickel-
based superalloy develop irreversible plasticity that usually manifests in
the formation of slip bands. Consequently, slip traces at the free surface
of specimens are observed (Fig. 2(c)), each associated with a local
surface step as shown schematically in Fig. 2(b). This step is produced
by dislocations emerging at the surface during plastic deformation by
gliding along a crystallographic plane [31]. In-plane displacements
occur locally in the material between both sides of the slip trace and can
be described by a vector named in-plane slip as depicted in green in
Fig. 2(b). The in-plane slip vector represents the physical in-plane dis-
placement produced by a slip event.

The correlation of deformed and undeformed images by the
Heaviside-DIC method provides the displacement field referenced to the
slip trace (U ). Therefore, the full in-plane description of the slip dis-
placements (in-plane slip vector) is obtained from the Heaviside-DIC
method at every point in the HR-DIC map. The amplitude (norm) in
nanometers of the slip vector for each measured point is given in
Fig. 2(d) for a nickel-based superalloy after plastic deformation at
1.83%. The intensity of the slip is obtained for each single slip trace
with high spatial (less than 33 nm) and amplitude resolution (less than
10 nm). It must be also mentioned that the direction of the in-plane slip
vector provides direct identification of distinct slip systems (slip
plane and slip direction) [6].

2.2. Synthetic Images

To evaluate the measurement accuracy, synthetic images that mimic
a real speckle pattern, described later in 2.3.2, as well as a re-
presentative deformation field for a plastically loaded metallic material
were created. Individual synthetic speckles were created using a half of
cosine function that was replicated randomly to create the entire image.
The generated image resolution is 3200 × 3200 pixels. Then, known
movements and deformations were applied to the initial synthetic
image to create a new image by integration of 10 × 10 pixels to retrieve
the initial dimension. This process is used to limit the effect of the in-
terpolation employed in the deformation process and to access to ac-
curate sub-pixel movements.

Comparisons of the gray-level histograms and auto-correlation fac-
tors were performed in Fig. 3(c and d), in order to validate the speckle
characteristics used to create the synthetic images. The gray-levels in
Fig. 3 are not homogeneously spread and the speckle grain size is
roughly 3 pixels which is a sufficient value for correlation [50].

Sliding and rotation displacements were applied to the synthetic
image to mimic the mechanical behavior of a real material, as produced
by two rotated parts (Fig. 4(a and b)). These movements are synchro-
nized and correspond to an applied rotation amplitude of up to 4°, the
limit of the small perturbation hypothesis, and to applied sliding am-
plitudes of up to 8 pixels. To evaluate the accuracy of the rotation
measurements using H-DIC, a series of 20 deformed images were cre-
ated with rotations and sliding increments applied at multiples of 0.2°
and 0.4 pixel.

2.3. Plastic Deformation of a Polycrystalline Metal

2.3.1. Material
An aged version of the polycrystalline nickel-based superalloy

Inconel 718 was investigated. Thermomechanical treatments produced
Inconel 718 material with a high γ″-phase content and rather low δ-
phase with average grain size of 62 μm. A solution annealing heat
treatment was performed (30 min at 1050 °C followed by a water
quench), followed by a precipitation hardening treatment (8 h at
720 °C, followed by 8 h at 620 °C). The nominal composition of the
Inconel 718 [51] used is Ni - 0.56%Al - 17.31%Fe - 0.14%Co -
17.97%Cr - 5.4%Nb - Ta-1.00%Ti - 0.023%C - 0.0062%N (wt%).

2.3.2. Mechanical Testing, Sample Preparation and Microscopy
Tensile tests were performed at room temperature using a custom

in-situ ± 5000 N stage within FEI Helios and FEI Versa3D microscopes
(both with field-emission guns) on flat dogbone-shaped specimens with
a gauge section of 1 × 3 mm2. Electron Backscatter Diffraction (EBSD)
measurements were performed with an EDAX OIM-Hikari XM4 EBSD
detector using a step size of 0.2 μm. Diffraction patterns were acquired
using an accelerating voltage of 20 kV, a 2 × 2 binning and a beam
current of 0.2. EBSD maps were acquired prior and after deformation.
Tensile tests were interrupted at macroscopic plastic strain levels of
0.17%, 0.32%, 0.61% and 1.26% and DIC measurements performed.
Macroscopic strain was measured in-situ using fiducial markers located
at both ends of the gauge length. The procedure consists of recording
the location (stage position) of two targeted nanoparticles from the
speckle at both ends of the gauge length before and after deformation.
The high degree of spatial control of the microscope stage and large size
of the gauge length provide an accuracy below 0.01% on macroscopic
strain measurements. The axial loading direction is horizontally or-
iented in all strain maps. A gold nanoparticle deposited speckle pattern
with average particle size of 60 nm was used for DIC measurements
following the procedure developed by Kammers et al. [20].

Samples were polished with SiC papers up to 1200 grit, followed by
polishing with a 6 μm diamond suspension and then chemo-mechanical
polishing with 0.05 μm colloidal silica for 12 h. This procedure reveals
the microstructure, including the grain and twin boundary locations,



allowing for direct spatial registration between the SEM images, the

DIC strain maps and the EBSD maps. The data registration is done using

control points between the 3 data types. About 70 triplets of control

points were picked over the area of interest. The procedure is detailed

elsewhere [52].

2.3.3. Scanning Electron Microscopy Imaging Conditions and High

Resolution DIC

SEM images sets were acquired before loading and under load fol-

lowing the guidelines of Kammers and Daly [20,27] and Stinville et al.

[15]. A National Instruments™ 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 microscope scan generators [15,29].

Tiles of 10 × 10 images before and after deformation with an image

overlap of 15% are used. DIC calculations are performed on these series

of images and results are merged using a pixel resolution merging

procedure. The experimental procedure can be found elsewhere [53].

Regions of 1 × 1 mm2 were investigated for the Inconel 718 nickel-

based superalloy. Subset size of 31 × 31 pixels (1044nm × 1044nm)

with a step size of 3 pixels (101 nm) were used for DIC measurements.

Digital image correlation was performed using the Heaviside-DIC

method [6,12]. The sample preparation, imaging conditions and Hea-

viside-DIC parameters allow for a discontinuity detection resolution

between 0.2 and 0.3 pixels (7 nm and 10 nm respectively) [6,12].

3. Rotation and Continuous Fields Computation Method

Rotation and strain tensor values can be accessed by two ap-

proaches. The conventional approach usually employed in literature, is

done by post processing the measured displacements field (U) using

spatial derivatives. This approach is usually based on finite difference

computations, or in a few cases, on a finite element method (FEM) [50].

When discontinuous displacements occur in the displacement field U,

Fig. 2. (a) Discontinuity description inside of a single subset by the Heaviside-DIC method. Subsets that have discontinuities are detected and described by their

location inside the subset (r∗, θ∗) and the jump/step of the discontinuity U (dx and dy along the horizontal and vertical directions). (b) Slip traces at the free surfaces

of specimen are observed, each associated with a local surface step. The in-plane slip vector 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 can be obtained systematically by solving the problem

of kinematical discontinuities at each subset using the Heaviside-DIC method. The angle γ∗ describes the direction of the in-plane slip vector (c) SEM image of a

718 nickel-based superalloy specimen deformed at 1.26% plastic deformation. The associated EBSD measurements of the microstructure are given in the insert. (d)

The amplitude of displacement induced by slip events is given in nanometers for the region considered in (c).



the classical approach results in non-representative measurements

[6,15]. Therefore, the approach used here is to extract the first gradient

parameter U
X
defined in the kinematical representation from the DIC

calculation. The method is named the internal DIC parameters method

throughout the paper. The first gradient parameter obtained from DIC

describes the rotation and strain tensors at the scale of the subset. Also

we separate the strain tensor E and the infinitesimal rotation tensor R,

from this local gradient tensor U
X
. This classical decomposition can be

written as:

= +E U
X

U
X

1
2

T

(1)

Fig. 3. (a) A part of the experimental SEM images acquired for high resolution DIC. The red box displays typical subset sizes used for high resolution DIC. (b) A part of

the synthetic image mimicking the SEM image properties. (c) Histogram comparison between experimental and simulated images. (d) Covariogram comparison

between experimental and simulated images. (For interpretation of the color code in the figure legend, the reader is referred to the web version of this article.)

Fig. 4. (a) The region of interest in the image before imposed displacements. (b) Region of interest in one of the images after imposed displacements. The red frames

represents zones where different kinematical movement are applied. (c) Imposed rotation and sliding displacement at discontinuity (between red frames) for the 20

generated images. (For interpretation of the color code in this figure legend the references to colour in this figure legend, the reader is referred to the web version of

this article.)



= ( )R U
X

U
X

1
2

0 1
1 0

T
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with α the angle of rotation with respect to the small deformation hy-

pothesis.

This approach uses the calculation performed during DIC correla-

tion at the subset scale to directly extract the strain and rotation field.

Therefore, the rotation and elastic fields are obtained using investiga-

tion windows that are constrained to the size of the subset and grid

associated with the step size. In the few prior investigations that used

the proposed approach (internal DIC parameters method) [54], the

evaluations of the errors of each components of the gradient tensor are

reported to be on the order of the conventional post-processing ap-

proach for the same sampled grid/region. However, such a method is

acknowledged to provide slightly larger errors than conventional

method. Therefore, the error associated with the approach is in-

vestigated below.

3.1. Validation Using Synthetic Images

As described in the methods section, known sliding movements

were applied to synthetic speckle images to mimic the mechanical be-

havior of a material. The known displacements were produced by two

rotated parts within the initial image as described in 2.2 and in Fig. 4.

The applied displacement theoretically produces, in comparison to the

undeformed image, a gradient of displacements within the two sides of

the image, with a sharp interface/discontinuity between them along the

vertical center line of the image. The rotation field is therefore constant

across the entire image and is equal to the applied rotations. In addi-

tion, the strain field is equal to zero across both sides of the image.

The results obtained from the analysis of the synthetic images is

shown in Fig. 5 for an applied rotation of 2° and 4 pixels of sliding. The

conventional DIC method and Heaviside-DIC were both employed with

a subset size of 40 × 40 pixels. The horizontal and vertical components

of the displacement obtained are presented in Fig. 5(a,b and d,e) using

the conventional DIC method and Heaviside-DIC respectively. The

discontinuity is not well resolved using conventional DIC, as shown by

the appearance of displacement fluctuation along the location of the

vertical discontinuity. The associated strain fields obtained using con-

ventional DIC and post processing of the obtained displacement field

(U) based on the finite difference method is displayed in Fig. 5(c and f),

where strain fluctuations are observed at the discontinuity. Heaviside-

DIC accurately determines the sharp discontinuity within the strain

field. The calculated amplitude of the discontinuity ||U|| is presented in

Fig. 5(g) and correspond to an average sliding along the discontinuity of

4 ± 0.05 pixels, precisely the displacement applied. The Heaviside-

DIC provides a quantitatively accurate measurement of the amplitude

of discontinuities.

The rotation fields calculated using the finite difference computa-

tion from the internal DIC calculations, as described in Section 3, are

shown in Fig. 6(a and c) using the conventional DIC method and

Heaviside-DIC, respectively. The associated strain maps along the hor-

izontal direction are shown in Fig. 6(b and d) using conventional DIC

method and Heaviside-DIC, respectively. The combination of the Hea-

viside-DIC method and the internal DIC parameters method analysis,

described in Section 3, provides accurate measurement of the rotation

and the strain fields, evidenced by a constant rotation and elastic field

across the entire image. The average strain and rotation are equal to

0% ± 0.01% and 2° ± 0.01°, returning the same constant rotation

and strain fields applied to the images. The rotation and elastic fields

obtained from the conventional DIC method have large fluctuations in

magnitude in the vicinity of the discontinuity. The distribution of the

obtained rotation across the region highlighted by dashed boxes in

Fig. 6(d) is presented in Fig. 7 using the conventional DIC method and

Heaviside-DIC. The region highlighted with a dashed black box is lo-

cated far from the discontinuity, where no discontinuities are present

inside the subsets. The regions highlighted by a dashed green and red

boxes are located “near” and the “nearest” to the discontinuity, with the

discontinuity contained within all the subsets. Heaviside-DIC provides

for all of these regions rotation values that are centered around the

applied rotation of 2° with a standard deviation of about 0.01°. The

Fig. 5. Measured data from conventional DIC (a to c) and Heaviside-DIC (d to g) for image number 10, where a rotation of 2° and sliding of 4 pixels is imposed (see

Fig. 4). A subset size equal to 40 × 40 pixels is used for the calculation. (a,d) Horizontal displacement components. (b,e) Vertical displacement components. (c,f)

Strain along the horizontal direction labeled x based on finite difference method. (g) amplitude of the discontinuity obtained by the Heaviside-DIC method.



conventional DIC method returns two intense peaks centered around 2°

and −3° with both standard deviation slightly higher than 0.01°. The

case study labeled “1” in Fig. 8 gives an explanation for the origin of the

artificial peak centered around −3°. During the conventional DIC cal-

culation, subsets that intercept the discontinuity in the middle (or close

to the middle) have better correlation for rotations that occur in the

opposite direction from the applied rotation, as displayed in Fig. 8(g).

This is explained due to a better solution to the cross-correlation

coefficient by averaging the regions on both side of the discontinuity.

As a consequence, an artifact peak is obtained at a negative rotation

value within the rotation field. Heaviside-DIC captures the dis-

continuity inside the subset during the DIC calculation as displayed

schematically in case labeled “1” in Fig. 8(d), therefore the rotation

field is retrieved without artifact values.

To better qualify the analysis of the rotation, the rotation standard

deviation and the rotation error were calculated for each applied ro-

tation amplitude on the synthetic images (Fig. 4(c)) and for the three

different regions depicted in Fig. 6(d) using conventional DIC and

Heaviside-DIC with internal DIC parameters method analysis as de-

scribed in Section 3. The average error is shown in Fig. 9(a). While no

significant difference is observed between conventional DIC and Hea-

viside-DIC methods for the region far from the discontinuities, sig-

nificant error is observed using conventional DIC for the regions in the

vicinity of the discontinuity. The same conclusion can be made by ob-

serving the evolution of the rotation standard deviation shown in

Fig. 9(b).

Interestingly, on the error and standard deviation evolution in

Fig. 9, two distinct regimes using conventional DIC method dependent

Fig. 6. Measured data from conventional

DIC (a,b) and Heaviside-DIC (c,d) for image

number 10, where a rotation of 2° and

sliding of 4 pixels is imposed (see Fig. 4). A

subset size equal to 40 × 40 pixels is used

for calculation. (a,c) rotation fields using

internal DIC parameters method analysis

detailed in Section 3 and from conventional

DIC and Heaviside-DIC, respectively. (b,d)

Strain along the horizontal direction la-

beled x. Black, green and red dashed boxes

in (d) represent the “far”, “near” and

“nearest” evaluation zones from the im-

posed discontinuity. (For interpretation of

the color code in the figure legend, the

reader is referred to the web version of this

article.)

Fig. 7. Distribution of the rotation retrieved from conventional DIC and Heaviside-DIC using internal DIC parameters method analysis for the three evaluation

regions defined in Fig. 6(d). A rotation of 2° was applied to the synthetic images.



on the applied amplitude of rotation can be noted. In the first regime,

when the applied rotations are smaller than 1.6° the errors increase

linearly in the vicinity of the discontinuity when using conventional

DIC method. In the second regime, when the applied rotations are

larger than 1.6°, the errors from conventional DIC decrease slowly but

stay significant in comparison to those obtained from Heaviside-DIC.

These two regimes are directly a consequence of the correlation

processes from the conventional DIC method, as shown by the sche-

matic case in Fig. 8. In the first regime, the sliding displacement at the

discontinuity is relatively small as displayed in the schematic case la-

beled “1” in Fig. 8(a, d, g). In this subset, the two parts separated by the

discontinuity, lead the DIC correlation process in different ways and the

better computed solution is a rotation in the opposite direction of the

applied rotation. With increasing applied sliding displacement at the

discontinuity, the obtained solution displays increasing rotation in the

opposite direction of the applied rotation. Therefore the error increases

with increasing applied sliding displacement. This phenomenon is ac-

tive in the rotation fields presented in Fig. 9(c), where significant re-

gions with negative rotations are observed at small applied rotation. In

the second regime, when the relative movements on either side of the

discontinuity are relatively high, as shown schematically in the case

labeled “3”, the DIC correlation process is less and less able to take into

account of the contribution of the two sides. The influence of one of

these sides on one another is smaller and smaller, and the DIC process

tends to give solutions that display more accurate values of the rotation.

However, the DIC correlation process does not take into account the

entire part of the initial subset. As a consequence, two solutions can be

obtained as displayed in Fig. 8(i) and therefore the position of the

discontinuity can not be well retrieved as shown in Fig. 9(c) for a large

applied rotation. This phenomenon is classically observed using con-

ventional DIC in presence of discontinuities. To illustrate this, the cross-

correlation coefficient using the conventional DIC method is presented

in Fig. 10 for a simulated increase in sliding displacement along a

vertical discontinuity up to 14 pixels (without applied rotation). The

reference subset is selected in the middle of the initial image where the

discontinuity is applied on the deformed images. The cross-correlation

coefficients from DIC calculation are extracted between the reference

subset and the subsets along a horizontal profile that intercepts the

discontinuity in the deformed image. The values of the cross-correlation

coefficient are reported in Fig. 10(b) for increasing sliding displace-

ment. Values near zero for the cross-correlation coefficient indicate that

the process of correlation operates on all pixels of the subset. Such

values are obtained for applied sliding below 6 pixels. The location of

the discontinuity is well retrieved. However, the displacement/strain

values obtained is observed to be zero (not presented), indicating that

the conventional DIC is not able to capture such small discontinuous

sliding displacements. At high applied sliding amplitudes (higher than 6

pixels), two artificial positions of the discontinuities are obtained in-

dicated by identical values of the cross-correlation coefficients. It is

observed that values of the cross-correlation coefficients are not equal

to zero. The correlation operates only on half of the part of the subset

and gives two solutions. This is due to the two possible solutions ob-

tained during DIC correlation process, as schematically shown in

Fig. 8(i). For each solution, the sliding movement is actually well

evaluated (not presented); however only one solution is chosen by the

correlation process and in random manner (depending on the starting

point of the optimization process). In this case, only the location of the

sliding is not well retrieved. The present processing also explains the

Fig. 8. Case studies to show schematically the solution given by conventional DIC method and Heaviside-DIC with applied displacements at a discontinuity and the

position of the subset. The investigated subsets are displayed by black boxes on the initial images. The best solutions from DIC correlation of the initial subset are

given on the deformed images from conventional DIC method and Heaviside-DIC. Case 1 presents a displacement that has a relative low sliding across the dis-

continuity located in the middle of the image and a similar rotation on both sides of the discontinuity. For the case 1 the investigated subset is centered on the middle

of the discontinuity. Case 2 presents a displacement identical to the one in case 1. For the case 2 the investigated subset is placed on the edge offset from the

discontinuity. Case 3 presents a displacement that displays a high sliding across a discontinuity located in the middle of the image. For the case 3 the investigated

subset is again placed in the middle of the discontinuity.



strain fluctuation obtained along the discontinuity in Fig. 5(c) using

conventional DIC. This artifact is generally reduced in the literature by

applying a filtering procedure that consists of data averaging. It must be

mentioned that the amplitude of the applied sliding for which con-

ventional DIC gives two solutions is equal to the size of the speckle

particles and are not correlated to the size of the subset. The H-DIC

process is particularly efficient for the retrival of the location of the

discontinuities and imposed rotations and strain fields, nearby dis-

continuities or far from them (Far, Near, and Nearest). However, it can

be noted in Fig. 9 that the error level (green circles) for the region

Fig. 9. Rotation average bias (a) and rotation standard deviation (b) for an imposed angle varying from 0° to 4°. For each test, the results from three zones are

compared. Results are obtained using a subset size of 40 × 40 pixels. (c) Rotation fields using internal DIC parameters method from conventional DIC (top) and

Heaviside-DIC (bottom) for images where rotations of 1.2°, 2.2° and 3° are imposed.

Fig. 10. (b) Cross-correlation coefficient ob-

tained from conventional DIC method for in-

creasing sliding on synthetic images as illu-

strated in (a). The reference subset is located in

the initial image in the middle of the image,

where the discontinuity will develop. The cross-

correlation coefficient from DIC calculation is

extracted along a horizontal profile that inter-

cepts the discontinuity. (b) Values of the cross-

correlation coefficient along the investigated

profile for each investigated applied sliding. The

physical discontinuity is located at the position

0.



labeled “near” in Fig. 6, is a bit higher (about 4.5%) than for the regions

labeled “far” and “nearest”. This is explained by the fact that a DIC

correlation is performed at a distance smaller than half subset size as

schematically shown by case labeled “2” in Fig. 8(e); the kinematical

field represents a discontinuity using only a few points on one side of

the subset. The majority of the subset is contained on one side of the

discontinuity, thus the process of minimization is more unstable.

However, the observed errors are in an acceptable range, which are two

orders of magnitude lower than errors issued from conventional DIC.

The standard deviation error and the average error are lower than

0.00157° and 0.048° respectively using Heaviside-DIC. A comparison

with the literature [54] shows that these errors are in the same range as

those obtained from the conventional DIC method without the presence

of discontinuities.

3.2. Validation Using Experimental Images During Deformation of a

Polycrystalline Metal

To further validate the approach outlined in Section 3, analysis on

an experimental material is presented. Comparisons of the rotation

fields obtained with the conventional DIC method, the Heaviside-DIC

technique, and those extracted from EBSD measurements are made

using a specimen tested mechanically in the SEM. An Inconel 718

nickel-based superalloy specimen was deformed in-situ at macroscopic

plastic strain levels of 0.32% and 1.26%. HR-DIC measurements were

performed after unloading the specimen. The strain field εxx along the
loading direction obtained using the conventional DIC method is pre-

sented in Fig. 11(a) and displays bands of concentrated strain that are

evidence of slip localization during plastic deformation. A subset size of

31 × 31 pixels (1044 nm × 1044 nm) with a step size of 3 pixels

(101 nm) was used for DIC measurements. The plastic field is presented

in Fig. 11(c) using Heaviside-DIC with identical DIC parameters. The

map shows the amplitude of the in-plane slip vector that represents the

physical in-plane displacement induced by slip localization. The local

approach of the Heaviside-DIC method, that offers an additional

treatment of the subsets by accounting for the presence of dis-

continuities, provides an improvement in spatial resolution in com-

parison to conventional DIC method. Quantitative measurements of the

strain localization were also performed. The in-plane rotation fields

obtained from the approach described in Section 3 are presented in

Fig. 11(b and d) using conventional DIC method and Heaviside-DIC,

respectively. The artificial effect of discontinuous displacements on the

rotation field, as discussed in Section 3.1, occurs due to slip localization

and is pronounced when using the conventional method, preventing the

measurement of the physical rotation field.

In order to validate the rotation field obtained by Heaviside-DIC,

EBSD measurements were performed before and after deformation. The

inverse pole figure map of a region of interest before deformation is

presented in Fig. 12(a). The in-plane slip map after deformation to

1.26% plastic deformation is displayed in Fig. 12(b). The in-plane ro-

tation field at the surface of the specimen is displayed in Fig. 12(c)

using the grain reference orientation deviation (GROD) representation

from EBSD measurements. The GROD map displayed in Fig. 12(c)

shows, for each grain, the misorientation between each point in the

grain and the average orientation of the grain (both after deformation).

For direct comparison with HR-DIC measurements, the GROD map

Fig. 11. (a) The strain field obtained from the conventional DIC method after 1.26% plastic deformation for a region of interest in the Inconel 718 nickel-based

superalloy specimen. (b) Associated rotation field for conventional DIC method using the first gradient parameter of each subset. (c) Plastic field obtained from

Heaviside-DIC for the same region of interest in (a). The in-plane slip represents the physical in-plane displacement induced by slip localization. (d) Associated

rotation field for Heaviside-DIC using the first gradient parameter of each subset. The subset is enriched by implementing discontinuities. A region of small-scale large

rotations is indicated by red arrows in (d) from the intersection of a high intensity slip band with a grain boundary. (For interpretation of the color code in the figure

legend, the reader is referred to the web version of this article.)



displays the in-plane component of the misorientation, which differs

from conventional GROD maps where the full 3D misorientation is

computed. The average rotation for each grain for the region of interest

in Fig. 12(a) was computed from the rotation field obtained in

Fig. 11(d) from Heaviside-DIC measurements. The average rotation is

used as the reference for each grain. The rotation at each pixel in a grain

between the value of the rotation field (Fig. 11(d)) and the average

rotation of the grain is presented in Fig. 12(d). This map is defined as a

grain reference rotation deviation (GRRD) map throughout the paper.

Very good agreement is obtained between EBSD and Heaviside-DIC

measurements with the same magnitude of gradients in the rotation

field induced during plastic deformation of the superalloy sample. The

GRRD and GROD along the profile depicted in Fig. 12(a) is presented in

Fig. 12(e). An average difference of 0.21° is observed between the

GRRD and GROD for identical points along the profile in Fig. 12(e). A

similar average value of 0.39° is observed between the GRRD and GROD

for identical points in the maps depicted in Fig. 12(c and d). It is im-

portant to remember that the formulation of the rotation in Section 3

using the present method are correct for the condition of small de-

formation hypothesis. This prevents the current method for being ac-

curate for measurement of rotations of large amplitude.

Fig. 12. (a) Inverse pole figure map of a

region of interest in the Inconel 718 nickel-

based superalloy specimen. EBSD measure-

ments were performed before deformation.

(b) In-plane slip map for specimen de-

formed to 1.26% plastic deformation for the

region in (a). The in-plane slip represents

the physical in-plane displacement induced

by slip localization. (c) The in-plane grain

reference orientation deviation (GROD)

obtained by EBSD measurements after

1.26% plastic deformation for the region in

(a). (d) The in-plane grain reference rota-

tion deviation (GRRD) obtained by

Heaviside-DIC measurements after 1.26%

plastic deformation for the region in (a). (e)

GROD and GRRD values along the profile

depicted in (a). A region of small-scale large

rotations is indicated by red arrows in (c)

and (d) from the intersection of a high in-

tensity slip band with a grain boundary.

(For interpretation of the color code in the

figure legend, the reader is referred to the

web version of this article.)



4. Application to a Nickel-based Superalloy: Micro-volumes

Separating the elastic and plastic strain components is of great im-

portance when investigating the plastic deformation of polycrystalline

metals. The localization of plasticity generated by slip events, which is

at the scale of the microstructure, the local stresses and lattice rotations,

and expansion fields are usually not taken into account during nu-

merical simulations of the deformation of metals. These localization

phenomena are difficult to capture and simulate due to the inherently

discontinuous displacements they generate. For instance, the ability to

measure the elastic displacement and rotation during macroscopic

plastic deformation has been shown to be of great importance in un-

derstanding the effects of microstructure on damage initiation during

both monotonic and cyclic loading. For example, slip can occur as a

consequence of the local stress and strain fields where slip bands in-

tersect grain boundaries. It has been observed that these highly loca-

lized stress and strain fields are extremely important in the transmission

of plasticity between grains in metals [46] and in the fatigue crack

initiation process [47]. These local fields require high resolution ob-

servations to be determined, so they are difficult to measure on large

fields of view that capture the variability of the microstructures in many

metals. An example is given below to show that the enhancements to

the H-DIC method presented here can provide measurements of both

the plastic localization events and the associated lattice rotation and

expansion fields during deformation of metals over large fields of view.

The rotation field is provided in Fig. 13(b) for the region of interest

in Fig. 13(a) that has been plastically deformed to 0.32% by monotonic

loading of Inconel 718. The comparison between the GROD map from

EBSD measurements and the GRRD map from Heaviside-DIC and HR-

DIC measurements is provided in Fig. 13(c and d) for a reduced region

of interest. The associated plastic field is presented in Fig. 13(e) using

the amplitude of the in-plane slip vector. As previously reported in

literature [55], two sets of rotation gradient are observed at the surface

of the specimen due to plastic deformation: (i) grain-scale rotation that

are associated with the heterogeneity of the grain structure as depicted

by green arrows in Fig. 13; (ii) small-scale large rotations from the

intersection of high intensity slip bands with the grain boundaries when

direct slip transmission does not occur (arrows in Fig. 11, Fig. 12 and

Fig. 13). These highly intense rotation gradients that appear in the

neighboring grains are reported as micro-volumes [55] and occurs from

either the pile-up of dislocations [46] or/and the shearing of the grain

boundary [55]. The Heaviside-DIC method combined with HR-DIC

provides a quantitative measurement of both the plastic (shearing dis-

placement induced by slip) and rotation (lattice rotation) fields. A de-

tailed analysis of a micro-volume is given in Fig. 14. The evidence of the

micro-volume is shown by the red arrow in Fig. 14(d). Significant

Fig. 13. (a) Inverse pole figure map of a region of interest of the Inconel 718 nickel-based superalloy specimen. (b) In-plane rotation field after deformation at 0.32%

plastic deformation for the region in (a) obtained by Heaviside-DIC. (c) In-plane grain reference orientation deviation obtained by EBSD measurements after 1.26%

plastic deformation for the region indicated by dashed box in (a). (d) In-plane grain reference rotation deviation obtained by Heaviside-DIC measurements after

1.83% plastic deformation for the region indicated by dashed box in (a). (e) The associated in-plane slip represents the physical in-plane displacement induced by slip

localization. A region of small-scale large rotations is indicated by red arrow in (e) from the intersection of a high intensity slip band with a grain boundary. Green

arrows in (b) and (c) indicate grain-scale rotation that are associated with the heterogeneity of the grain structure. (For interpretation of the color code in the figure

legend, the reader is referred to the web version of this article.)



lattice rotations are observed from the impingement of a high intensity

slip band (red arrow in Fig. 14(b)) with a grain boundary. The evolution

of the in-plane slip amplitude along the slip band of interest is provided

for incremental plastic deformation in Fig. 14(f). The amplitude of the

in-plane slip is increasing from one side of the slip band to the other

side where the micro-volume is observed. The amplitude of the in-plane

rotation across the micro-volume is represented in Fig. 14(g) for in-

cremental plastic deformation. The amplitude of the in-plane rotation

within the micro-volume is observed to increase with an increase in the

in-plane slip amplitude of the associated slip band. From Fig. 14(c), the

in-plane slip angle γ∗ as defined in Fig. 2(b) for the slip band of interest

approaches 180° indicating pure in-plane shearing (in-plane displace-

ment occurs only along the slip trace i.e. no transverse displacement).

The white arrow in Fig. 14(c) is a representation of the average direc-

tion of the displacement induced along the slip band of interest. This

near-pure in-plane shearing is observed to be at the origin of the micro-

volume. Further statistical investigation will be provided in a following

paper.

While conventional EBSD measurements do not usually provide

information on the elastic field, HR-DIC combined with the Heaviside-

DIC method computes the plastic strain field, the rotation and non-lo-

calized strain fields. For example, the components εyy and εxy of the
non-localized strain field for two regions of interest are presented in

Fig. 15. The elastic compression of the lattices within particular grains

in the microstructure is observed, such as the light pink grain (see ar-

rows) in Fig. 15(a,b). A high level of non-localized straining resulting in

large lattice rotations (higher than 5°) is also observed within a micro-

volume as shown in Fig. 15(d) by the red arrow. As observed on the

lattice rotation field, intense strain gradients originate either from the

grain structure or/and the impingement of intense slip bands.

These non-localized strain components are computed from the first

gradient of the deformation of the subset as described in Section 3. The

non-localized strain describes both the physical elastic field and the

expansion due to non-localized plasticity such as isolated dislocations

or/and slip events that are below the detection threshold of the HR-DIC

technique (below an in-plane slip displacement of approximately

10 nm).

It is interesting to investigate the average values of the strain from

Fig. 14. (a) Inverse pole figure map of a region of interest of the Inconel 718 nickel-based superalloy specimen. (b) In-plane slip map (amplitude) after deformation at

1.26% plastic deformation for the region in (a) obtained by Heaviside-DIC. (c) In-plane slip map (γ∗ angle) for the reduced region depicted by dashed box in (b). (d-e)

In-plane grain reference orientation and rotation deviation for the region of interest in (a). (f) In -plane slip amplitude along the profile labeled “profile 1” in (a) that

follows the most intense slip band of the region of interest. (g) In -plane slip angle along the profile labeled “profile 2” in (a). A region of small-scale large rotations is

indicated by red arrow in (d) from the intersection of a high intensity slip band (red arrow in (b) and (c)) with a grain boundary. (For interpretation of the color code

in the figure legend, the reader is referred to the web version of this article.)



the localized (slip events) and non-localized fields. The total strains

obtained from the DIC measurements and validated by macroscopic

measurements are given in Table 1 for the four applied load steps

during in-situ deformation of Inconel 718. As a reminder, the DIC

measurements were performed under-load. Knowing the elastic mod-

ulus of the alloy (obtained from the elastic regime), the macroscopic

residual plastic strains were calculated and are given in Table 1. The

non-localized strains from the Heavside-DIC measurements using the

internal DIC parameters method are also reported in Table 1 for the four

applied load steps. The average localized strains (total strain minus

non-localized strain) that correspond to the strain induced by slip

events are reported in Table 1. The difference in percentage between

the macroscopic residual plastic strain and localized strain is given in

Table 1 for the four applied load steps. While this difference is almost

nonexistent during the first loading step, this difference increases with

increasing applied load in the plastic regime. For the first step the non-

localized strain is the direct measurement of the elastic strain field that

occurs during deformation. However, with increasing applied stress in

the plastic regime, the non-localized strain accounts for accumulation

of elastic deformation (reversible) at the scale of the microstructure and

non-localized plastic deformation. This non-localized plastic deforma-

tion is on the order of 10% of the total plastic strain, as deformation

goes well beyond yielding and may come from either small amplitude

slip events that are not detected by the HR-DIC technique or/and non-

localized plasticity produced by isolated dislocations. Interestingly, for

the step labeled 1 in Table 1, the HR-DIC technique displays similar

localized strains and plastic strains, indicating that the experimental

Fig. 15. (a,c) Inverse pole figure maps of two regions of interest in the Inconel 718 nickel-based superalloy specimen. White arrows indicate a region of lattice

compression along the vertical direction (b,d) The components εyy and εxy of the elastic field after 1.26% plastic deformation for the two regions of interest. These

components are measurements of the in-plane lattice expansion at the surface of the material during plastic deformation. Red arrow indicates a region of small-scale

large lattice distortion from the intersection of a high intensity slip band with a grain boundary.

Table 1

The investigated Inconel 718 nickel-based superalloy specimen was deformed

in-situ at four load steps.

Step Total strain Non-

localized

strain

Localized

strain

Macroscopic

residual plastic

strain

Difference

1 0.686% 0.514% 0.172% 0.174% 1.2%

2 0.860% 0.560% 0.300% 0.321% 6.5%

3 1.160% 0.602% 0.558% 0.610% 8.5%

4 1.830% 0.720% 1.110% 1.260% 11.9%

HR-DIC measurements were performed under load at total strain of 0.69%,

0.86%, 1.16% and 1.83%. The total strain is obtained from the average of the

εxx strains obtained from DIC calculation on a region of 1mm× 1mm. The non-

localized strain represent the average εxx strains obtained from Heaviside-DIC

using the internal DIC parameters method described in Section 3. This strain

describes the strain that are not the contribution of discontinuities. The Loca-

lized strain is calculated as the total strain minus the non-localized strain and

corresponds to the deformation induced by discontinuities.



technique is capturing all the slip events. This indicates that in the
plastic regime a significant amount of the macroscopic residual plastic
strain is present due to non-localized plasticity. Further investigation
will be provided in a following paper with comparison to HR-EBSD
measurements [47,56].

5. Conclusions

The Heaviside-DIC technique is used to retrieve elastic and rotation
fields from displacement gradients that contain discontinuities. The
problem of kinematic discontinuities is solved at each subset by ac-
counting of discontinuities. Therefore, the rotation and elastic fields
around discontinuities can now be calculated. These fields are obtained
at the scale of the subset from the first gradient in the DIC calculation.
This method has been validated using synthetic images with known
displacements and in-situ HR-DIC measurements during monotonic
deformation of a polycrystalline metal. The rotation fields measured by
Heaviside-DIC during in-situ testing are compared and validated with
EBSD measurements. The small lattice rotation and expansion gradients
that evolve during deformation of the alloy is obtained by the combi-
nation of HR-DIC measurements and Heaviside-DIC. The technique
demonstrates that in a precipitate-containing nickel-based alloy, the
magnitude of the plastic deformation occurs via localized shearing in
slip bands.
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