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ABSTRACT

This paper introduces the height digital image correlation (hDIC) technique for the
identification of triaxial deformations. Conventional digital image correlation (DIC) uses
pixel image intensity as the basis for the determination of in-plane displacement fields. We
demonstrate the advantages of using the out-of-plane surface height and its variation during
deformation to extract information about triaxial (in-plane and out-of-plane) displacement
fields. Surface height maps can be obtained by optical profilometry or scanning probe
microscopies, e.g. stylus profilometry, coordinate measurement machine (CMM), or atomic
force microscope (AFM). The changes in height during deformation are sufficiently small to
allow efficient correlation of in-plane displacements with sub-pixel accuracy, yet also provide
information about out-of-plane displacements. In the present study, the contour map of
surface height was created using digital dynamic focus optical microscope. The correlation
between the reference and target maps to extract the displacement data was accomplished by a
two-step correlation process. Initially, triaxial Cartesian coordinate data of reference and
target data sets were cross-correlated at integer-pixel level sensitivity. This was followed by
sub-pixel correlation using gradient descent method. As an example of technique application,
Al alloy test specimens were subjected to large tensile deformations to failure. Good
agreement was found between height digital image correlation (hDIC) analysis of
displacements and strains and the reference material properties, with the evolution of both in-
plane strains and out-of-plane displacements show progressive localisation during post-

critical deformation beyond the sample’s ultimate tensile strength (UTS).
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1. INTRODUCTION

Digital Image Correlation (DIC) technique was introduced by Parks [1] in 1982 to measure
deformations using speckle photography. Chu et. al [2] presented applications of the digital
speckle patterns on experimental mechanics in 1985. During the following decades,
improvements in digital imaging technologies and processing units of computers led to new
insights. Full-field digital imaging became widely used when deformation could not be
monitored using classical contact-based experimental methods [3]. Today, the applications of
DIC and Digital Volume Correlation (DVC) vary from the evaluation of 2D and 3D
displacements at the surface of solids [4] to the determination of volumetric deformations

inside large components [5].

Biaxial deformations on a flat surface are determined using 2D-DIC without requirement of
initial image processing while stereo 3D-DIC first transforms different image data sets into a
plane using image registration algorithms [6]. They are used for quantification of 2D and 3D
deformations [7]. Stereo 3D-DIC methods are based on surface triangulation and allow depth
measurements [8] and 3D surface reconstruction of objects [9]. These are widely used for
correlation analysis of displacement over large areas. However, the precision of surface
displacement determination obtained using surface triangulation methods are far from nano-
level precision. Digital volume correlation (DVC) is an extension of conventional DIC [10]
for determination of volumetric deformations that uses X-Ray tomography images. Triaxial
in-volume deformations within a body can be calculated using DVC, but it requires costly

imaging procedures and high computational power.



Digital microscopy images have been used since the early times of the introduction of DIC
technique. Different DIC systems that combine metallurgical microscopes with charge
coupled devices (CCDs) were used for the determination of surface deformations [11-13].
Scanning Tunneling Microscopy and Atomic Force Microscopy were used for the correlation
of topographic images to map deformations with nano-scale precision [14-16] over small
areas, but the use of topography information for the determination of out-of-plane

deformations of large areas with micro- and nano-scale precision has remained missing.

Two widely used surface DIC algorithms are local DIC and global DIC algorithms [6]. Local
DIC uses local subsets to determine the deformations in each subset individually [17], while
global DIC calculates the deformations in the entire surface simultaneously [18]. Local DIC
algorithms are composed of integer-pixel level search and sub-pixel level search stages.
HajiRassouliha et. al [19] classified algorithms corresponding to these stages as the integer
shift and the sub-pixel shift algorithms. The integer shift algorithms are cross-correlation [20],
normalized cross-correlation [21], phase-correlation [22], gradient-correlation [23] and
normalized gradient-correlation [24] and the sub-pixel shift algorithms are interpolation in
spatial domain [25], interpolation in frequency domain [25], curve fitting [26], analytical
solution [27] and phase-based method [20]. Bing et. al [28] and Hu et. al [7] analysed
performance of sub-pixel level search algorithms for 2D and 3D-DIC respectively. According
to these studies, commonly used sub-pixel level DIC algorithms are intensity interpolation,
which is known as the coarse-fine search method [29], Newton-Raphson iteration [17,30] and
gradient based methods [31]. Among these algorithms, Newton-Raphson is observed to have
the highest accuracy in both studies [7,28]. Both gradient based methods and Newton-
Raphson iteration starts with an initial guess, but insufficiently precise initial guess can lead

to incorrect solution. Gradient descent method uses first order derivatives while Newton-



Raphson method needs solving first and second order derivatives. In addition, gradient
descent method uses higher number of iterations that require less computation power and

memory when compared to the Newton-Raphson method.

Current DIC methods that aim to determine out-of-plane displacements are limited to either
very high-resolution analysis over small areas, or low resolution and low precision mapping
over large areas. In this study, we propose and demonstrate a method that fills the gap
between previous approaches. The height Digital Image Correlation (hDIC) method is capable
of out-of-plane displacement mapping over small and large areas with micro-level resolution
(in plane) and nano-scale precision. Furthermore, micro-scale in-plane displacement
information is also extracted, thus providing a method for large area, high precision triaxial
displacement DIC mapping. The proposed method is based on the correlation of height
contour data measured using highly sensitive digital optical microscopy techniques with
height profilometry capability. Pixels are defined in terms of height information rather than
image intensity. The normal to surface components of the contour data of the deformed
condition is correlated with the corresponding data in the reference condition through a two-
level correlation procedure. The process begins with integer-pixel level cross-correlation.
Subsequent to the determination of initial matching coordinates, gradient descent method is
used for sub-pixel level correlation to assess triaxial deformations with high precision.
Accuracy of the proposed method is analysed by in situ investigation of elastic stage of the
tensile test of aluminium specimen and triaxial deformations are calculated in three main

steps of the same tensile test.



2. HEIGHT DIGITAL IMAGE CORRELATION (hDIC)

In a recent study, Dave et. al [32] used The Alicona InfiniteFocus instrument for investigating
inter- and intra-granular deformations. This instrument is capable of capturing high resolution
images from non-flat surfaces by performing height scanning of the sample and identifying
in-focus regions at each height. Thus, the device is able to determine sample surface profile.
The use of microscopy images for the purpose of determination of planar displacements is a
well-known process, but the benefit of the third component of contour data has not been used
for the determination of out-of-plane deformations with micro-level resolution and nano-scale
precision, because the conventional DIC is based on image intensity analysis. The proposed
hDIC method uses triaxial Cartesian coordinates of the surface for the purpose of

determination of complete displacement vector of planar surfaces.

Similar to the conventional DIC, the objective of hDIC is to capture deformations in the
region of interest (ROI). Speckle patterns used in conventional DIC is replaced by height
patterns from optical microscopy corresponding to each coordinate on the planar surface of
reference and target conditions. The use of pure triaxial Cartesian coordinate data eliminates
the requirement of a calibration process. The correlation process is composed of two stages

which are integer-pixel level cross-correlation and sub-pixel level correlation.

2.1. Integer-Pixel Level Cross-Correlation

The integer-pixel level cross-correlation process matches the subsets in a predetermined

interval. Subsets of pixels in the region of interest of reference body are created in square



form with a dimension of (2N + 1) x (2N + 1) where N is an integer constant [28]. The best

matching subset is searched in the target as illustrated in Figure 1.

Figure 1. lllustration of integer-pixel level cross-correlation of subset with 121 (11x11)
pixels. The illustration includes pixels and subsets. Reference subset is illustrated in red-grid

and target subset is represented in blue-grid.

Pan et. al [33] showed that the similarity between reference and target subsets are the same
after their investigations on three different cross-correlation criteria. Based on the outcomes
of that study, the zero-mean normalised cross-correlation method, which is given in Equation
1, is used for the matching process. In this equation, C; is the cross-correlation coefficient of
it" subset, R(x, y) is the intensity of the pixel at coordinates (x, y) in the reference subset,
T(x',y") is the intensity of the pixel at coordinates (x', y") in the target subset, R,,, is the
mean intensity of the pixels in the reference subset and T;,, is the mean intensity of the pixels

in the target subset.
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Coordinates of a pixel in the target plane are determined using Equation 2 where u represents
the displacement in x-axis and v represents the displacement in y-axis. Different than the
conventional DIC methods, first or second order approximation procedures are not applied,
because the aim of integer-pixel level cross-correlation process is the determination of initial

estimated coordinates for sub-pixel level correlation.

x'=x+ulxy) (2a)

y' =y+v(xy) (2b)

2.2. Sub-Pixel Level Correlation

Gradient descent is one of the well-known optimization methods which was invented by
Cauchy [34] to find the minimum of multi-variable functions that never becomes zero within
a given interval. This method is based on determination of gradient of a function starting from
the initial guess point and iterating the process in the negative direction of the gradient until
the gradient vanishes. In this study, subsequent to the initial estimation of the coordinates of
matching subsets in the target data, sub-pixel level correlation is performed using gradient

descent method.

The pixel intensities in the target are fitted to a two dimensional function, Fr(x’,y"), using a
bi-cubic interpolation process based on the formulation given in Equation 3 to calculate the

pixel intensity of the matching pixel at coordinates (x',y") in the target subset where w; ; is



the coefficient in the dimensions of i and j. The final equation distributes on grid surface of

unit squares and it has continuous derivatives [35].

3 3
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Sub-pixel level correlation process determines the best matching point in the target function
through a pixel by pixel analysis. This necessitates the determination of the cost function of
sub-pixel level correlation process for each reference pixel separately using Equation 4 given

below.

! ! 2
J(x,y) = (Fr(x',y") = R(x,y)) 4)
Gradient decent minimization process simultaneously updates the x" and y' coordinates in the

target function along the steepest descent direction using Equation 5. In this equation «

represents the step size which is kept as a constant positive number throughout the process.

0
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3. IN SITUMONITORING OF TRIAXIAL DEFORMATIONS

The proposed hDIC method was used for monitoring the tensile test of an aluminium dog-

bone specimen. Microscopic contour data sets were recorded from different steps of the



tensile test in order to analyse sub-pixel level correlation accuracy and determine triaxial
deformations. 15 microscopic scans were performed in the region of interest for the
determination of height variations. Initial scan was performed for obtaining reference contour
data before loading. 7 scans were performed in the elastic region of the tensile test for the
analysis of sub-pixel level correlation accuracy and 7 scans were performed in the plastic

range for the investigation of triaxial deformations.

hDIC correlations were performed using reference and target data sets of height intensities
which were measured with a sensitivity of 8 um. Subsets used for the hDIC correlation were
composed of 121 (11x11) pixels. No interval was left between subsets of the reference state
and correlations were performed for each pixel individually. The distribution of height
coordinates in a subset with 121 pixels whose centre is located at x and y coordinates of -5575

and -1102 um respectively in the reference data set is illustrated in Figure 2.
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Figure 2. Distribution of height data (micrometre) in a subset located in the reference data set.



3.1. Sample Preparation and Experimental Setup

Tensile test specimens were prepared using HE 30 6082 aluminium that has 70 GPa elastic
modulus and 0.33 Poisson’s ratio [36] according to the data provided by manufacturers. Side
and surface cuts were created using electric discharge machining technique. This technique is
based on creating electric arc that causes formation of pits with a depth of a few micron on the
cut surface. Height data corresponding to the hills and valleys that are created by the pits was
collected by the Alicona Infinite Focus 3D Profilometer instrument. Vertical and lateral
resolutions for the scanning process were determined to be 200 nm and 6 pm respectively.
This device has a potential to reach 10 nm resolution that is sufficiently enough for obtaining
all details about surface roughness, which can be used for the purpose of correlation, even on
the polished surfaces. However, scanning large areas at very high resolutions requires hours
of scanning time and creates immensely large amount of data that requires high cost
computational processes for the analysis. Accordingly, the capability of the hDIC method on
the determination of triaxial deformations was investigated on a surface that has very high

surface roughness, which was created by the EMD cutting technique.

5kN tensile stage produced by Deben UK is used for tensile test. The microscopy image of
the reference data, the region of interest and dimensions of the dog bone specimen are
illustrated in Figure 3. Thickness of the specimen is 2 mm. Microscopy scans cover an area
that exceeds the dimensions of the gauge. The region of interest has the same width with the
gauge, but its length is determined to be 8 mm, and both the dog bone specimen and the

region of interest have the same centre on the 2-dimensional plane.



Figure 3. The dimensions (a) and microscopy images of HE 30 6082 dog-bone tensile test
specimen at the reference state (b) with the region of interest (ROI) and at the final state

before break (c).

Among 7 measurement steps of plastic stage, results were analysed at 3 steps of plastic stage
of tensile test which are the beginning of plastic stage, the ultimate tensile strength and final
step immediately before break. The surface height data of stress-free reference condition and
3 steps of plastic stage of tensile test are illustrated in Figure 4. Plastic-A represents the
beginning of plastic stage, Plastic-B represents the step where ultimate tensile strength is
reached, and Plastic-C represents the step before break. Microscopy based contour

measurements show that the surface height decreases at around the necking zone.
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Figure 4. The surface contour data (micrometre) of stress-free reference condition and 3 steps

of plastic stage of tensile test.

3.2. The hDIC Sub-Pixel Level Correlation Accuracy

Accuracy of sub-pixel level correlation process was analysed using the correlation of 7
different steps of the elastic stage of tensile test. This analysis was done based on the fact that
unit displacement during the tensile test is directly proportional with the distance from the
centre of the dog-bone specimen. The strength of linearity between the hDIC displacement
calculations and their location along the longitudinal length of the dog-bone specimen were
determined. The Pearson coefficients of each step were calculated using displacements
corresponding to the pixels in the region of interest. Distribution of linear correlation of
displacements averaged through the long-transverse direction along the longitudinal position
are given in Figure 5. Throughout the text, long-transverse represents the width and short-

transverse represents the thickness.
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Figure 5. Linear correlations of longitudinal x-component of displacements with respect to

their longitudinal position.

The average of Pearson coefficients, that were determined for all steps of elastic stage, was
calculated as 0.9989. It can be concluded that displacements have linear relation with distance
from the centre of the dog-bone specimen in all loading steps. Very high strength of linearity

shows that the hDIC sub-pixel level correlation process has a high accuracy.

3.3. Determination of Triaxial Deformations

During the elastic stage, the true stress increases rapidly and yielding starts after a certain
magnitude of stress. Yibo et. al. [37] state that the increase of true stress in the plastic stage is
much slower than the elastic stage and strain increases with an increasing rate during plastic
stage. The flow stress, which is the true stress in the plastic range, increases until the necking
gets appeared at stress values close to ultimate tensile strength. At that stage, triaxial strains
around neck increases at a much higher rate when compared to the whole gauge volume. In

this study, the hDIC sub-pixel level correlation process was used to determine the triaxial



deformations before and after the necking at 7 different loading steps of yield stage of tensile

test.

Figure 6 illustrates longitudinal x-, long-transverse y- and short-transverse z-component of

displacements for 3 main stages of plastic stage. x-displacements get a homogeneous

distribution along the transversal direction with increasing magnitude. y-displacements in all

stages of plastic deformation show formation of the neck. z-displacements in the necking zone

increase with the increasing extension along the longitudinal direction. The steps before and

after the break have highest z-displacement magnitudes.
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Figure 6. Illlustration of longitudinal x-, long-transverse y- and short-transverse z-component

of displacements at 3 steps of plastic stage of tension test.

3.4. Determination of Strains and Mechanical Properties

Longitudinal x- and long-transverse y-components of the strain were calculated within the

region of interest by differentiating the functions f,,(x, y) and f,,(x, y), created by bi-cubic

interpolation of displacements, with respect to the corresponding displacement component




using Equations 6a and 6b. In these equations &, and ¢,, represents longitudinal x- and short-

transverse y-component of strain.

) )
ox
af, (x,

g, = oY) ;’; 2 (6b)

The relation between longitudinal stress and longitudinal strain is illustrated in Figure 7.
Strains were calculated as average strain within the region of interest. In this plot, A
represents the first step of plastic range, B represents the ultimate tensile strength and C
represents the end of yield stage before break. Yield strength and ultimate tensile strength for
the test specimen were determined as 266 and 293 MPa respectively which are in good

agreement with the literature properties of this material [36].
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Figure 7. The relation between longitudinal stress and longitudinal strain calculated using

hDIC.



The slope of longitudinal and long-transverse stress strain-plots in the elastic region are

illustrated in Figures 8a and 8b. The slopes of these plots are 73 and -239 GP for longitudinal

and long-transverse directions respectively. Modulus of elasticity of the HE 30 6082

aluminium specimen was calculated using the slope of longitudinal stress strain plot. Negative

of the ratio between the slopes of longitudinal and long-transversal stress strain-plots, that

gives the Poisson’s ratio, was calculated as 0.30561. It can be stated that calculated modulus

of elasticity and Poisson’s ratio from these plots are in good agreement with literature values

[36] of this material.
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Figure 8. Averaged long-transverse (a) and longitudinal (b) strains at different stress steps of

elastic stage of tension test and longitudinal (c) and long-transverse (d) strains averaged

through the long-transverse direction at three different steps of plastic stage.

Figures 8c and 8d show that strains are higher at around the necking zone and it is observed

that strain relaxation occurs at yield-C step. The relaxation of strain energy, after a high



increase of strain energy in the necking zone, took place in the whole specimen during the last

step of plastic deformation before the break.

Strain results in Figure 9 show that the magnitude and distribution of strains around the
necking zone increase after each loading step. Korsunsky and Kim [38] previously
investigated the essential work of tearing using a single test specimen of HS 30 6082
aluminium and showed that the essential work of fracture is proportional with the ligament
length. Studies on the essential work of plane stress in ductile materials [39] also showed that
plastic strain rate is much higher in the necking zone. Similarly, strain distributions given in
Figure 9 proves that the proposed hDIC method is capable of mapping the strains formed
during the necking. As it is expected, longitudinal strains are tensile and long-transverse

strains are compressive in the necking zone.
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Figure 9. Distribution of longitudinal x- and long-transverse y-component of strains at 3 steps

of plastic stage of tension test.

4. CONCLUSION

The hDIC technique for the determination of triaxial displacements on the surface of

deformed materials is introduced. This technique is based on correlation of out-of-plane



contour coordinates of surface roughness data in spite of pixel intensity of digital images. The
hDIC technique uses subsets for integer-pixel level cross-correlation and performs sub-pixel
level correlation using gradient descent method for all pixels in the region of interest. The
proposed approach allows determination of out-of-plane deformations in the target condition
without requirement of series of digital images. The example application to one of the basic
solid mechanics problems showed that the hDIC technique is effective on the determination

of both short- and long-range deformations successfully.
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