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A B S T R A C T

In this study, a novel technique was developed to identify localized neck of a tensile sample based on the cur-
vature of the surface that is expected to work with any metal in which a localized neck forms prior to fracture.
Moreover, a MATLAB-based computational tool has been developed to conduct advanced mathematical com-
putations and numerical analysis on data generated from uniaxial tensile test of DP980 steel coupled with Digital
Image Correlation (DIC) based on the novel curvature method. The presented curvature technique is a geometry-
based approach that uses the specimen’s surface profile and groove geometry to detect localized necking,
avoiding the limitations of strain-based methods in distinguishing between localized and diffuse necking. A
detailed analysis was conducted on the accuracy of the onset and anisotropy of localized neck. The results of the
study revealed that specimens fabricated with 30-degree orientation with respect to the Rolling Direction (RD) of
the sheet metal, exhibit a higher level of total strain at the onset of the localized necking, indicating the influence
of anisotropy on the material’s behavior for DP980. Moreover, consistent R-values were observed among
specimens with the same orientation with respect to the RD, exhibiting a rising trend of R-value for orientations
from zero to 60-degree, followed by a decrease from 60 to 90-degree. Furthermore, the results exhibited a
negative linear relationship between R-values and the magnitude of thinning strain.

1. Introduction

This paper presents a detailed analysis of data generated by Digital
Image Correlation (DIC). DIC is a non-destructive and non-contact op-
tical measurement technique that enables the real-time measurement of
full-field displacements and strains in materials with a high spatial
resolution through comparing digital images. The focus of the analysis
was the identification of the onset of localized neck in tensile samples.
The local or through-thickness neck is characterized by a narrow band of
deformation that forms shortly before fracture. One of the challenges in
the automotive industry is accurate determination of the necking and
fracture limits in metals as a measure of formability in the stamping of
sheet metal components and in their product performance [1]. In
addition to serving as a deformation limit in sheet metal stamping op-
erations, the accurate identification of onset of localized necking plays a
determining role in initiation of fracture, characterizing materials,
assessing structural integrity, and optimizing design.

Following the occurrence of widespread diffuse necking after
maximum load, the material proceeds through subsequent deformation
phases in which strain concentration and localized necking arise within

the diffuse necking zone, prior to ultimate fracture [2]. The onset of
localized necking signifies the stage at which the material initiates the
manifestation of a groove in the sheet with a width determined by the
sheet thickness, resulting in strain concentration far more severe than
that caused by a diffuse neck. The emergence of the localized necking is
associated with a prominent decrement in the cross-sectional area due to
the excessive thinning and eventual material fracture. Upon the initia-
tion of localized necking, the continued tensile force intensifies the
localized necking. The sequence of events, starting with diffuse necking,
followed by the emergence of localized necking, and ultimately leading
to fracture, demonstrates the sequence of material failure mechanisms
observed during a tensile test.

More broadly, DIC technique has been used extensively in the study
of metal forming. Fang et al. [3] used DIC experimental data to calculate
a more accurate R-value measurement. Nguyen et al. [4] used DIC to
measure many properties of AL 5052-O and DP 980 steel including
Poisson’s ratio, anisotropic plastic ratio parameters, and flow curve in a
uniaxial tension test. Wang et al. [5] created a complete strain profile of
DP 600 from DIC data throughout the elastic and plastic regions of
deformation. A comparison of four different time-dependent and
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time/geometry-dependent necking criteria in their ability to detect the
onset of necking of TRIP 780 sheet samples stretched formed over a
hemispherical punch [6]. It was found that the geometry-dependent
surface slope criterion was the most consistent, while the 3D-curvature
criterion had the greatest sensitivity in detection of the onset of neck. It
was shown that AA 6000 sheet metal follows the volume conservation
assumption outside the necking band, but a significant increase in the
volume strain was observed in all samples prior to failure in notched
sheet metal coupons [7]. DIC has also been used to measure stress
concentrations in samples with circular, square, and triangular notches
[8]. A time-dependent and a time-position-dependent method were
investigated for detection of onset of necking and evaluation of limit
strains under significant through thickness strain gradients [9]. Li et al.
[10] presented the true stress-strain curve of DP 780 from DIC mea-
surement alongside theoretical curves.

DIC has also been studied more broadly in plastic deformation.
Deformation in necking was studied for highly ductile and anisotropic
materials [11]. They were able to reconstruct the necking geometry
validated with DIC measurements. In another study of miniature sam-
ples, the fracture geometry and strain were examined [12]. A disconti-
nuity tolerant DIC method was used for identification of slip system type
and direction [13]. Large deformation was measured in a uniaxial ten-
sion test by DIC with half of the sample painted as in conventional DIC,
and the other half is left unpainted and illuminated by a laser, called
laser speckles, for remediation of paint delamination at large strain [14].
A simple study of the evolution of the necking region was done through
DIC measurement of displacement of different points on the sample
[15]. In more recent studies, four stereo, synchronized DIC systems were
used to obtain detailed information about the displacement and strain
field output [16]. 3D DIC analysis, where a left camera and right camera
capture images on the thickness and width faces of the sample, resulted
in wide strain range equivalent stress-strain curves [17]. The accuracy
and uncertainty of DIC measurements have also been investigated [18,
19]. As shown, DIC has been developed and used to advance under-
standing of mechanical deformation and properties. The focus of this
research is on the advanced plastic stage of localized necking, in which
there is more limited study.

The contribution of this paper is the continuation of the curvature
method for onset of localized neck detection, which has been previously
introduced [20–22]. The methods for localized neck detection relevant
to forming limits can be categorized as spatial methods [23,24], tem-
poral methods [25–28], and spatial-temporal methods [9,29,30].
Localized neck has been determined from the area of the sample at
different positions from DIC data [31], pronounced increase in average
thickness strain [32], and spatial strain distribution [33]. It is thought
that the curvature method has the advantage in detecting the onset of
localized neck over other methods. In this method the geometrical
curvature of the surface profile is determined at each step in the tension
test. As the sample deforms throughout the tension test, initially, the
surface profile and curvature changes are small. However, as the
deformation reaches necking, the changes in profile are pronounced and
noticeable, and even more so in the curvature. In light of the existing
literature, the purpose of this research is to advance the accuracy of the
curvature method for localized neck detection and characterize anisot-
ropy of this phenomenon.

There have been extensive studies of the anisotropy of the consti-
tutive behavior of sheet metal materials, with a few of the more recent
studies reviewed here. El-Aty et al. [34] reviewed the literature on
strengthening mechanisms, deformation, and anisotropic properties of
Al-Li alloys. The literature shows properties are very anisotropic due to
crystallographic texture and effects from the different phases.
Stress-strain curves were shown with higher strength at 0◦ and 90◦ and
lower strength at 45◦ degrees from rolling direction. Aleksandrovic et al.
[35] studied the variation of the R-value for DC04 steel, AlMg4.5Mn0.7
and stainless steel X5CrNi18–10 sheet. Strength values were higher for
0◦ and 90◦ and lower for 45◦. They also found significant variation in the

R-value during the forming process. You et al. [36] made macro and
micro samples out of 361 L stainless steel along the rolling, transverse,
normal, and inclined directions with similar results. The properties in
the transverse direction were slightly stronger than in the rolling di-
rection. Normal and inclined directions were much weaker. Eman et al.
[37] used digital speckle correlation to look at the strain field in tension
tests. In their results, stress-strain curves were not much different for the
0◦, 45◦, and 90◦ directions. Tardif and Kyriakides [38] tested seven
tensile samples in increments of 15◦, disk compression, and three plane
strain samples at 0◦, 45◦, and 90◦ in Al6061-T6. The stress-strain curves
were not significantly different. In a similar study, Chen et al. [39] used
tension samples at seven different angles, plane strain at the three di-
rections, and bulge test to study the behavior of Al2024-T3. Slightly
higher strength was found with the 0◦ direction being the strongest and
the 60◦ direction being the weakest. Corallo et al. [40] studied Ti6Al4V
at high strain rates with samples at 7 angles. The strength was not very
anisotropic with 45◦ and 60◦ samples having lower strength and 0◦ and
15◦ having higher strength. The R-value showed a trend of increasing
from 0◦ to 45◦ and decreasing back from 45◦ to 90◦. Marth et al. [41]
studied post necking behavior of Al6061-T4 and AA5754-H111. Both
metals showed slightly higher strength in the 0◦ than 45◦ and 90◦ di-
rections. Rossi et al. [42] used DIC to study anisotropy in FP04 steel at 5
angles, 0◦, 22.5◦, 45◦, 67.5◦, and 90◦. Stress strain curves were similar
and R-values decreased as angle increased. Ghosal and Paul [43] found
little change in strength in ferritic and dual phase steel along five angles
of rolling direction.

In contrast to the extensive studies of anisotropy in constitutive
behavior of sheet metals, anisotropy of localized necking and fracture
has recently drawn attention in the literature. Abedini et al. [44] used
butterfly shaped samples to create shear loading in ZEK 100 Mg alloy
and DP 780 steel. ZEK 100 was anisotropic with high fracture strain at
90◦ and lower fracture strain at 45◦ and 135◦ to the rolling direction.
The current study is different in that we are studying localized necking
in uniaxial tension. Local fracture strain for the 0◦ and 45◦ directions
were found to be higher than the 90◦ direction in high strength steel
[37]. Failure strain was highest at 45◦ in ferritic steel and highest at
0◦ and 90◦ for DP steel in [43]. The literature review shows that
anisotropy has been studied for constitutive behavior and to a limited
degree for fracture, but less so for localized necking. Therefore, the goal
of this research is to study the anisotropic behavior of the onset of
localized necking, based on a geometry-based neck detection method.

The present study explores the maximum strain (strain limit) that a
material can tolerate prior to experiencing localized necking in uniaxial
tension. This investigation holds significant value in assessing the
anisotropy impact on the mechanical characteristics and properties of
the material. By evaluating the strain limits, a more comprehensive
understanding of the materials’ behavior and their response to de-
formations can be achieved. The approach employed in this study relies
exclusively on the surface coordinates obtained through DIC measure-
ments. In contrast to other neck detection approaches, this method does
not use parameters such as strains, strain rates, and strain accelerations
in its analysis. The strains (and strain path) will be assessed only after
the localized neck detection algorithm has been completed by evalu-
ating the surface profile and the geometry of the groove of the neck that
subsequently develops.

A MATLAB analysis tool was developed for characterization of the
anisotropic behavior of sheet metal subject to tension testing, with
particular focus on material behavior during localized necking. The re-
sults of this analysis will be plotted and discussed in this paper. In sec-
tion 2, the materials, data, and MATLAB analysis tool are described. In
section 3, the results of stress-strain behavior, the spatial and temporal
determination of the onset of localized neck, and anisotropic properties
of the localized neck are discussed. Finally, conclusions and future work
are discussed in section 4.
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2. Materials and method

The experimental methods and setup are described in this section.
First, the general DIC method that was used to gather the initial data is
described. Then, the test sample and the position and strain data are
described along with the structure of the data files. In the third section,
the mathematical formulation that was developed to create the results is
described.

2.1. Digital image correlation

DIC is an advanced, non-contact optical measurement technique that
enables the analysis of deformations and strains in specimens subjected
to external loads, as shown in Fig. 1. The recorded DIC data typically
comprises time-sequential images capturing the specimen’s deforma-
tion, accompanied by displacement and strain measurements obtained
from different points across the surface of the object [45]. These mea-
surements are acquired by examining digital images and monitoring
patterns or markers on the specimen’s surface as it undergoes defor-
mation. This process allows for the creation of extensive 2D and 3D
deformation vector fields and strain maps covering the entire observed
area. By employing DIC technology, it becomes feasible to measure local
strains precisely at a scale that encompasses an adequate number of
grains, defining a Representative Volume Element (RVE) for the metal.

This facilitates the extraction of information regarding the local strains
while macroscopic behaviors of the material can still be obtained.

2.2. Experimental DIC data

Publicly available DIC data was adopted for analysis in this research,
from the Numisheet 2020 benchmark study on uniaxial tension testing,
conducted by the NIST Center for Automotive Lightweighting [46]. This
dataset encompasses the DIC data acquired from a set of 21 experiments
conducted in the uniaxial tension test. The specimens were cut using an
abrasive waterjet cutter, in accordance with the specifications illus-
trated in Fig. 2, utilizing DP980 sheet metals with a thickness of nomi-
nally 1.4 mm. These experiments were specifically performed using
specimens exhibiting seven distinct orientations with respect to the RD:
0, 15, 30, 45, 60, 75, and 90◦. Notably, the experiment was replicated
three times for each particular orientation, utilizing three specimens cut
at the same orientation.

In this study, analysis of the DIC camera images tracked 201 material
points, which are evenly distributed at a distance of 0.25 mm from each
other on the specimen’s surface, running down the center line of the
gauge area of the tensile specimen. The DIC analysis captures and re-
cords the information corresponding to the location and deformation of
the points throughout the time of the deformation process. Each data set
recorded at a specific instant of time generates a frame comprising

Fig. 1. Assessment of material deformation under tension utilizing a DIC. The setup features a testing machine that applies tensile force to the specimen, while the
DIC camera system captures detailed deformation data. The resulting strain map highlights areas of strain concentration in various colors, processed by DIC
analysis software.

Fig. 2. Coordinate system and location of the points on the tensile specimen. The diagram illustrates the coordinate system with the y-axis running along the length
of the specimen and the x-axis perpendicular to it. The origin of the coordinate system is located at the midpoint of the gauge length, which encompasses a total of
201 marked points along the y-axis. These points are used to measure strain distribution during tensile testing, enabling precise analysis of material behavior.
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detailed data for all 201 material points. The frame-by-frame analysis
reveals comprehensive details regarding the localized necking phe-
nomenon, which enables the determination of the corresponding point
on the forming limit curve (FLC) in the context of uniaxial tension. This
analysis allows for precise characterization of the deformation behavior
in the deformation zone, enabling engineers to make more reliable
assessment of formability to more efficiently develop robust stamping
tools for manufacture of sheet metal products, as well as improve
necking and fracture prediction in product performance simulations to
ensure stamped metal products meet or exceed design performance
targets.

In the uniaxial tension test, the DIC system generates a set of recor-
ded data with six columns, including x, y, z, εxx, εyy, and εxy for each of
201 material points running down the centerline of the test specimen,
resulting in a total of 6 × 201=1206 columns of data for all the points
evaluated on the specimen shown in Fig. 2. The x, y, and z coordinates of
these 201 points provide accurate measurements of the displacement of
each material point in the course of the uniaxial test and can be
employed in localized neck detection through the curvature algorithm.

The set of 21 DIC data source files for the uniaxial tension of indi-
vidual specimens follows a specific naming format designed for test
identification and analytical control. For instance, based on this naming
format, the name of all DP980 specimens subjected to uniaxial tension
test starts with the character “U”, as an indicator for the uniaxial tension
at the beginning of a file name: UθθFeDP980RiiTx.xxxWyy.yy.csv. The
two-digit character “θθ” represents the angle of specimen orientation,
replaced by one of the following orientations: 0, 15, 30, 45, 60, 75, or
90. The next two-character, “Fe,” denotes the primary element of the
metal, which is followed by the name of the material, which in the
context of this study is DP980. The two-digit “ii” in Rii represents the

repeat index, identifying the identification of the specific specimen ID
from the multiple tests of the same condition. The x.xxx in the Tx.xxx
and yy.yy in the Wyy.yy reports the measured sheet thickness and width
of the specimen in mm, respectively.

The CSV file also includes 11 extra columns beyond the initial 1206
columns provided by NIST Center for Automotive Lightweighting for the
uniaxial tension test. Within the additional data columns, three partic-
ular columns are crucial for the analysis. Firstly, there are two columns
that record the precise timing of the two snapshots captured by the two
DIC cameras. Lastly, a column that specifies the corresponding load
recorded at the same moment when each snapshot was triggered.

2.3. Mathematical analysis of data

As shown in Fig. 3, a mathematical MATLAB tool was developed to
conduct advanced mathematical computations and numerical analysis
on the DIC data. This mathematical tool enables precise and detailed
data analysis for detection of the onset of localized neck and charac-
terization of anisotropic properties of materials. This tool can be
employed in studies where DIC data analysis plays a crucial role in
understanding deformation behaviors and material properties. Through
an initial analysis, the provided tool enables the extraction of Poisson’s
ratio and Young’s modulus through preliminary analyses, strain values,
as well as the specimen’s thickness and gauge width, which collectively
determine the cross-sectional area of the specimen. Then, these key
parameters will be used as input data, along with the location of points,
time, and strain values, to conduct further comprehensive data analyses.

The tool developed allows for uploading large DIC data files, auto-
matically converting them into the appropriate tables and matrices
required for each specific analysis. This capability eliminates the need

Fig. 3. The mathematical analysis tool developed to quantify anisotropy and detect the onset of necking in materials. It includes features for importing data, viewing
key parameters, and providing various mathematical analyses and plotting options. The tool also offers video demonstrations for key analysis steps.
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Fig. 4. Calculating Young’s modulus and Poisson’s ratio using DIC data recorded in the test file named U00FeDP980R01T1.405W12.7. The slope of the fitted line in
the top and bottom figures represents Young’s modulus and Poisson’s ratio of the material, respectively.
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for manual data preparation and preprocessing stages. By automating all
steps of the process, the tool significantly reduces the time and effort
required to prepare the data for analysis and enables the work with large
DIC datasets more effectively. The developed mathematical tool en-
compasses various code segments, including an import module specif-
ically designed to import DIC data, along with parameter fields allowing
the user to input crucial properties such as Young’s modulus, Poisson’s
ratio, specimen thickness and gauge width. Furthermore, the tool
comprises an analysis section that conducts mathematical analyses and
calculations and generates results, and presents them through a variety
of plots, aiding in the visual interpretation of the findings. Furthermore,
this tool offers the capability of visualizing parameter development over
time by creating dynamic movies, facilitating a deeper understanding of
the data’s temporal evolution for assessing surface profile, R-value, and
strains in all three directions.

The R-value, also known as the Lankford coefficient or plastic strain
ratio, is an important parameter in plastic deformation of sheet metals
and offers a means of assessing how a metal alloy resists thinning. In

mathematical terms, it is defined by the ratio of the true plastic strain-
rate, ε̇

˙p,w, experienced across the width of a specimen pulled in uniax-
ial tension over the true plastic strain-rate through thickness, ε̇

˙p,t. For
convenience, it is sometimes approximated in terms of the ratios of the
total strain rates, ε̇

˙w/ε̇
˙t , and more often, in terms of the net strain in

these two directions, εw/εt at a specific longitudinal strain, usually
defined at the limit of maximum load, using the following formula:

R =
ε̇
˙p,w
ε̇
˙p,t

≈
ε̇
˙w
ε̇
˙t

≈
εw
εt

(Eq. (1))

where ε̇
˙p,w and ε̇

˙p,t represent the rate of plastic strain along the width and
thickness of the specimen, respectively. The first simplification of the Eq.
(1) arises from the dominance of the magnitude of plastic strain over
elastic strain beyond the yield point, and the second simplification is
based on evident or assumed linearity of the strain path up to a strain
level before localized (through-thickness) necking, a phenomenon
elaborated upon in the results section. It is crucial to mention that for

Fig. 5. True stress-strain curves for all material points on samples with a) zero, b) 45 and c) 90-degree with respect to the RD.
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high-precision analyses employing accurate technologies like DIC and
the curvature approach, it becomes imperative to account for the effects
of elastic dilatancy as follows:
εxx + εyy + εzz − εE = 0 (Eq. (2))

εzz = εE −
(

εxx + εyy
)

where the term εxx + εyy represents the magnitude of the thinning strain
and:

εE = εE xx + εE yy + εE zz =
Feεyy

EA0
(1−2υ) (Eq. (3))

therefore,

εzz =
Feεyy
EA0

(1−2υ) − εxx − εyy (Eq. (4))

in this equation, F is the applied force, E is the Young’s modulus, and υ is
the Poisson’s ratio. The calculation of the local stress is based on the
assumption that the uniaxial load is distributed uniformly over the area
of any plane through the specimen that is perpendicular to the axial

Fig. 6. Temporal strain curves for all material points on samples with a) zero, b) 45 and c) 90-degree with respect to the RD over the course of tensile testing.
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load. The true stress can be derived from the engineering stress as
follows:

σtrue =
F
Ai =

F
witi =

F
w0t0 exp

(

εyy−
1− 2υ

E σtrue

)

(Eq. (5))

Young’s modulus and Poisson’s ratio are important factors that must
be included in an analysis. To determine Young’s modulus, an assess-
ment focused on the beginning part of the true stress-strain curve. A
linear regression analysis was applied to the dataset, resulting in a fitted
line where the slope represents Young’s modulus of the material. As

shown in Fig. 4(a), there is a non-zero intercept, which is due to the error
in establishing the material points in the first recorded image. This error
is analogous to an error in the calibration of a strain gauge, which results
in strain offset measurements in all subsequent frames. Removing the
effects of this error in the entire frames, provides modified εyystrain
values, represented as ε′yy.

Poisson’s ratio, which is a fundamental material property that
quantifies the relationship between axial strain and lateral strain when a
material is subjected to mechanical loading. To determine the Poisson’s
ratio, the values of -εxx were plotted against ε′yy for a random point on

Fig. 7. Specimen’s surface profile including all frames throughout the process (sample U00FeDP980R03T1.406W12.71). Each frame shows the location of the
material points at a specific moment. The curves illustrate the evolution of the surface profile of the material points. The heavy black curve highlights the data from
the final frame before the fracture occurred.

Fig. 8. Curve fitting on sample U45FeDP980R03T1.4W12.69. The local curvature of the material points on the specimen’s surface is calculated by fitting a parabolic
curve to five consecutive points within a frame, starting with the first point on the left. The curvature is determined at the third point of these five. For subsequent
points, the curvature is obtained by fitting a parabola to a new set of five points, each shifted one point to the right.
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the specimen from the very beginning phase of deformation, within a
strain range where ε′yyremained below 3.5 × 10−3. Subsequently, a
linear regression line has been fitted to the dataset, with its slope indi-
cating the value of Poisson’s ratio, as shown in Fig. 4.

3. Results

In this section, the processed results from the DIC data are presented.
First, the calculated stress-strain behavior of the material and the tem-
poral progression of strain are given for all 201 data points along the
length of the sample. Then, the spatial position and curvature infor-
mation are presented in the description of the localized neck detection
method. The third subsection presents the anisotropic properties in the
localized necking region.

3.1. True stress-strain curves and strain path across the length of the
sample

Fig. 5 displays the relationship between true stress and true major
strain for each material point captured by the DIC camera, revealing
notable variations in the total strain at different regions on the specimen.
Therefore, the utilization of DIC technology provides clear evidence that
the strain distribution throughout the entire length of the tensile spec-
imen is non-uniform, even at strains below maximum load, where the
average true strain based on a 50 mm extensometer is about 0.08 for this
DP980. The evolution of the strains over the course of tensile testing for
all points along the sample has been presented in Fig. 6. The heavy blue,
red, and green curves represent the strains along the specimen’s length,
width, and thickness at the last frame before fracture, respectively. By
employing DIC technology to assess material deformation under tension,
a separation in the curves may occur at the end of the tensile testing,
indicating the occurrence of the fracture in the specimen.

3.2. Detection of localized neck by spatial curvature profile

The localized neck detection procedure is developed based on the
material points’ local curvature on the surface profile. In this method, it
is crucial to obtain precise information regarding the surface profile of
the specimen, which requires eliminating the effects of surface textures
caused by markers or paints used for the DIC analysis. Therefore, a
corrective process is required to ensure that the subsequent analysis
focuses on the true deformation behavior rather than being influenced
by the surface textures. To address this issue, a preprocessing step is
implemented to level all material points based on their deviations from
an initial surface elevation, so that the z coordinate of all material points
in the first frame are set to zero. By analyzing the deviations of each
material point from the initial surface elevation, a reference level was
established that removes the first order effects of surface and paint
texture. The reference level provides a clear representation of the
specimen’s surface, devoid of any artifacts or irregularities introduced
by surface textures, as can be observed in the first frame of the data
presented in Fig. 7. Then the difference in the elevation of each material
point is subtracted from all the recorded frames to remove the effects of
surface textures throughout the process for each material point.

Fig. 9. A sample quadratic polynomial fitted to a set of material points. The red
dots represent a sample set of 5 material points to which the quadratic equation
y = ax2+bx+c is fitted. These points can be located on either side of the curve or
at any configuration, illustrating that the material points are not restricted to a
specific format.

Fig. 10. Surface curvature development over the deformation process time for sample U45FeDP980R03T1.4W12.69. Initially, the curvature values of individual
points show minor variations. As neck formation begins, significant changes in curvature occur, particularly in the diffuse neck region. This process is characterized
by two major negative peaks flanking a large positive peak, distinctly identifying the onset and progression of localized neck formation.
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Fig. 11. Evolution of curvature profile for each material point throughout the process for sample U45FeDP980R03T1.4W12.69. Necking initiation is identified by
computing the RMS of curvature values, excluding the neck region. The onset occurs when the curvature at the point with the highest value in the last frame first falls
to or below the RMS curvature in the same frame. The frame marked by the thick black curve indicates the moment when this ratio drops to or below +1.0.
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The heavy black curve depicted in Fig. 7 represents the data captured
in the final image prior to the occurrence of the fracture. In this figure,
the vertical scale is dramatically magnified compared to the horizontal
scale to provide a highly detailed illustration of the vertical measure-
ments of the surface profile. While the horizontal axis covers a span of 70
mm, the vertical axis span is 0.4 mm. This difference in the scales aims to
effectively highlight and emphasize any variations or fluctuations in the
surface profile within the vertical dimension. Therefore, the figure
provides a magnified representation of the groove’s depth within the
surface profile, revealing a measurement of approximately 0.35 mm.
This value accounts for around 25 % of the original sheet thickness,
which was 1.406 mm.

The localized neck detection concept is focused on the local curva-
ture of the material points located on the specimen’s surface obtained by

fitting a parabolic curve to 5 consecutive points in a given frame,
starting with the first point on the left, and calculating the curvature at
the center point of these 5 consecutive points, which is the third point in
the list of points for that frame. The local curvature of the next center
point (4th and later points) is defined by fitting to the 5 points obtained
by dropping the first point from the list and adding the next consecutive
point. As shown in Fig. 8, this process results in calculations of local
curvatures at 197 points among the total of 201 points for each frame,
starting at point 3 and ending at point 199.

Given that the curvature represents the inverse value of the radius of
curvature, this relationship can be used to derive the following con-
clusions for every single quadratic polynomial, as presented in Fig. 9:

Fig. 12. Formation of localized neck on the surface profile of sample U45FeDP980R03T1.4W12.69. Initially, the surface profile is relatively flat. Diffuse necking
significantly alters this profile, causing notable changes in the z-coordinate over an area approximately one to two times the width of the specimen. Localized necking
introduces larger, more concentrated changes, which are superimposed on the effects of diffuse necking.
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k = 1
r =

|ÿ|
(1+ ẏ˙2)3/2 (Eq. (6))

During the ongoing deformation of a specimen, the curvature values
of individual points undergo slight changes. However, when the neck
formation begins to take place, significant changes in curvature values
occur in the diffuse neck region. The neck formation and significant
changes in the curvature can be distinctly identified by observing two
major negative value peaks accompanied by a large positive peak be-
tween them, as depicted in Fig. 10.

To effectively identify the initiation of necking based on curvature
values, it is essential to extract the curvature fluctuations that arise
throughout the process in the curvature profile. To achieve this objec-
tive, the root mean square (RMS) of curvature values for every material
point has been computed across all recorded DIC data frames, excluding
the curvature values within a region three times the thickness of the
center of the neck groove. This exclusion is necessary because the ma-
terial points within the region of the localized neck experience signifi-
cant and abrupt fluctuations following the onset of localized neck. By
excluding these points, we ensure that our measurements focus on the
more stable and consistent regions, enabling us to capture the actual
characteristics of necking behavior accurately. Following the discussed
procedure, the RMS of curvature was calculated for each frame. The
curvature in each frame was compared to the curvature at the point that
shows the highest curvature value in the last frame. This comparison
was performed frame by frame, moving backward in time. Onset of
localized necking is defined to occur at the frame in which the curvature
at this particular point first falls below the RMS curvature in the same
frame.

The proposed technique for neck detection centers around analyzing
the local curvature values of the point exhibiting the highest positive
curvature value in the final frame, which corresponds to the location at
the bottom of the neck groove, if one is detected. First, the curvature of
this identified point is divided by the calculated RMS of curvature values
for other points in the last frame, and a neck is detected if the resulting
ratio is significantly larger than 1. Furthermore, there must be two
negative peaks on either side of the positive peaks, each lower in
magnitude than the positive peak and located no more than approxi-
mately 2 times the sheet thickness away from the location of the positive

peak, corresponding to the valleys and two shoulders of the neck groove.
The presence of two negative peaks and their specific locations are
crucial characteristics defining the geometry of a groove emerging on
the metal surface, corresponding to a localized neck.

By moving backward in time, the magnitude of the positive peak and
two negative peaks decreases frame by frame. As previously described
for detecting the onset of localized necking, repeating the ratio calcu-
lations at the reference point for each frame, moving backward in time,
eventually causes this ratio to fall to or below +1.0 for the first time,
which signifies the instant at which necking initiation occurs. The frame
identified as the onset of localized necking is visually represented by a
distinct and prominent thick black curve in curvature profile, as illus-
trated in Fig. 11. It should be noted that the precise instant of localized
neck can be determined by interpolating the results measured at finite
increments of time between the detected frame and the frame after that,
in cases where the ratio has dropped to a value smaller than 1.

As previously mentioned, alterations in the curvature result in a
distinct curvature pattern in the final frames, and all the samples will
exhibit results that conform to that pattern. This pattern comprises a
large positive peak in the center of two sharp negative curvature peaks,
which are relatively smaller than the positive curvature peak. The dis-
tance between the negative peaks is a crucial parameter, and this is
where the positive peak in curvature grows to a noticeable level, far
beyond the background curvature, determined by the root mean square
(RMS) of curvatures throughout the entire length of the specimen. The
negative peaks represent the shoulders of the grooves, and the distance
of these points (~3 mm in this case) is approximately two times the
sheet thickness. In other words, the distance between the positive peak
and an adjacent negative peak is approximately equivalent to the
thickness of the sheet metal.

Prior to diffuse necking, the surface profile of the specimen is rela-
tively flat reflecting a uniform and smooth specimen’s surface. However,
the initiation of diffuse necking has a significant impact on the surface
profile of the specimen causing significant changes to the z coordinate
spread over an area whose axial length is one to two times the specimen
width. Later, as localized necking initiates, a much larger and more
localized change occurs in the z coordinates that is superimposed on the
changes caused by diffuse necking. Although localized necking domi-
nates these changes as deformation continues, the detection of when

Fig. 13. True stress-strain curves of samples with 0, 45, and 90-degree with respect to the RD, highlighting critical points such as the maximum load, onset of
localized necking, and fracture points.
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Fig. 14. Engineering stress strain curves including the onset of localized necking for samples with a) 0, b) 45, and c) 90-degree with respect to the RD. This figure
shows that localized necking occurs between the UTS and fracture point, at a reasonable distance beyond the strain level at UTS.
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Fig. 15. Strain path of samples with different orientation with respect to the RD throughout the tensile test. The thick solid part of the curve represents material
deformation before localized necking, while the dashed line shows the strain path after localized necking until fracture.
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localization initiates, i.e., the decoupling of the effects caused by diffuse
and localized necking, is not clear from the changes in Z-coordinate
alone, as shown in Fig 12.

3.3. Anisotropic plastic behavior in the localized neck

The diffuse neck formation has a profound impact on the engineering
stress-strain curve and corresponding values by introducing significant
changes to the cross-sectional area of the specimen. In contrast, true
stress is calculated taking into account the effect of the reduction in
cross-section area; therefore, the true stress-strain curve will remain
applicable beyond the formation of a diffuse neck. As the localized neck
forms, strain becomes increasingly concentrated in this localized region,
causing a consequential reduction in the cross-sectional area and an
observable change in strain path. This phenomenon signifies a transition
in the material’s deformation mechanism, as the region undergoing
necking exhibits higher level of strain in comparison to the surrounding
regions. Fig. 13 exhibits the true stress-strain curves for three distinct
samples characterized by orientations with respect to the RD of 0, 45,
and 90◦. The figure also highlights key points such as the locations of the
maximum load, the initiation of localized necking, and the points of
fracture.

The engineering stress-strain curves of the samples with zero, 45, and
90-degree orientations with respect to the RD for the material point
located at the fracture location on the samples are presented in Fig. 14.
The diamond shapes show the location of the ultimate tensile strength
(UTS), known as the onset of the diffuse neck formation, where the
material stretches significantly in the necked region while experiencing
minimal deformation in other areas. In order to provide a better un-
derstanding of localized necking, the stress-strain curves have been
marked with circles to indicate the particular locations where this
phenomenon occurs. These circles serve as visual indicators, illustrating
that the formation of localized necking takes place at a particular
moment and location between the UTS and the fracture point.

The proportional strain path exhibited by a material under uniaxial
tension, where strains occur simultaneously in both the y and x di-
rections, is called the material strain path and is illustrated in Fig. 15.
The strain path of a material provides valuable insights into several

important aspects of its behavior such as deformation mechanisms,
formability, and failure characteristics. The thick solid part of the cur-
vature represents the deformation of the material prior to the formation
of a localized neck, and the dashed line demonstrates the strain path
afterward until the fracture. Notably, the strain path of three samples
with the same orientations with respect to the RD follows the same
nearly linear pattern before the localized neck formation and begins to
slowly deviate from a straight line beyond this critical point.

To provide a meaningful comparison among specimens with
different orientations with respect to the RD, examining parameters like
R-values, longitudinal strain, and magnitude of thinning strain, it is
essential to compute these values at a same level of plastic work for all
samples. For this purpose, the work-equivalent plastic strain at the point
of maximum load for the tests along the RD (0-degree) was determined
by calculating the area under the stress-strain curve, as illustrated in
Fig. 16. Then, the average of these values was adopted as the reference
point, establishing a condition with the same level of plastic work for all
the samples.

Fig. 17.a exhibits the maximum total strain (εxx+ εyy) experienced by
the material at the point with the same level of work-equivalent plastic
strain, categorized based on different orientations with respect to the
RD. Fig. 17.b shows the average values of (εxx+ εyy), along with error
bars demonstrating the standard deviation, for each orientation with
respect to the RD, and the obtained patterns offer valuable insights into
the impact of anisotropy on the material’s forming limits. The obtained
results revealed that samples produced with a 0-degree and 60-degree
orientation with respect to the RD exhibit highest and lowest level of
thinning strain levels compared to other orientations at the same level of
work-equivalent plastic strain, respectively.

As discussed prior to summary of the anisotropy in localized necking
limits, the R-value, also referred to as the plastic strain ratio, is another
crucial parameter when it comes to the plastic deformation of sheet
metals. The R-value provides a way to characterize the response of a
metal alloy to deformation by measuring its ability to resist thinning
during plastic flow. In this study, the evolution of the R-value
throughout the process for all the evaluated points on the specimen has
been presented in Fig. 18. The findings demonstrate a pattern wherein
the R-value rapidly approaches a relatively stable state for all the points

Fig. 16. Calculating the work-equivalent plastic strain at maximum load, represented by the shaded area under the true stress-strain curve up to the maximum load
point. The average of these values for samples with zero-degree orientation with respect to the RD provides a reference that ensures a consistent level of plastic work
across all samples, enabling accurate comparison of R-values, longitudinal strain, and thinning strain.
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Fig. 17. The magnitude of a) thinning strain (εxx + εyy) for each sample and b) average of thinning strain at each orientation with respect to the RD at the same level
of work-equivalent plastic strain.

E. Seidi et al. International Journal of Mechanical Sciences 285 (2025) 109782 

16 



Fig. 18. R-value evolution for all the points throughout the tensile testing. After initial fluctuations at strain levels below 0.025, the R-value stabilizes. The fluc-
tuations at lower strain values are mainly due to prominent DIC measurement errors, particularly when the two values defining the R-value ratio approach zero.
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after fluctuations at the initial stages of the process where the strain level
is less than 0.025. The fluctuations observed at lower strain values pri-
marily arise from DIC measurement errors being prominent, particularly
as the two values defining the R-value ratio approach zero. However, it
should be noted that slight variations may exist among the points due to
their individual responses under plastic deformation. Furthermore, it is
important to note that not all points undergo the highest levels of strain
during the deformation process. As a result, many curves cease to show
further growth, while only a few curves are able to reach higher strain
values. Ultimately, the points within the diffuse neck zone experience
significantly greater plastic strain following the same level of R-value up
to the point where localized necking was initiated.

The R-value has been measured at the same level of work-equivalent
plastic strain for specimens fabricated with different orientations with
respect to the RD, as exhibited in Fig. 19. The R-value outcomes remain
quite consistent among the three specimens produced with similar ori-
entations with respect to the RD. The presented results revealed an
increasing trend for R-value as the roll orientation increases from zero-
degree to 60-degree, which offers the highest R-value, and then R-value
decreases as the orientation increases. It should be noted that the min-
imum R-value was recorded at zero-degree with respect to the RD.

Similarly, the longitudinal strain values for each sample at the same
level of plastic work level have been demonstrated in Fig. 20. The
findings indicate that as the orientation with respect to the RD increases,
the longitudinal strain exhibits a progressive increase, reaching its
maximum level in specimens with a 30-degree orientation. Following
this peak, there is a gradual descent, ultimately reaching its minimum
value in specimens oriented at 90-degree.

Fig. 21 illustrates the relationship between the R-value and (εxx+ εyy)
at the same level of work-equivalent plastic strain, which reveals a
negative linear correlation between these two parameters. The findings
emphasize that specimens experiencing greater magnitude of thinning
strain exhibit lower R-values, while conversely, those subjected to lower
magnitude of thinning strain demonstrate higher R-values.

Fig. 22(a) illustrates and compares the longitudinal strain values
experienced by the material point in each test that undergoes the
maximum level of strain at a) the onset of localized necking, and b) the
fracture point of the specimen for all orientations with respect to the RD.
The obtained results exhibit that these particular material points expe-
rience the major portion of their total strain after the onset of localized
necking.

It can be argued that the geometry-based approach presented in this

study has several advantages to be preferred over the strain-based
methods as the presented technique can detect the onset of localized
necking based on the DIC data using surface profile and the actual ge-
ometry of the groove, whereas some strain-based models may misin-
terpret strain localization caused by a diffuse neck to be evidence of a
localized neck. A key issue found in many other neck detection methods
is their inability to effectively distinguish between localized and diffuse
necking. This limitation arises due to the fact that even diffuse necking
induces inhomogeneity in the strain field and accelerates strain in areas
where the thickness is at its minimum. For instance, suppose that the
metal exhibits superplastic behavior without the formation of a localized
neck. In such cases, most strain-based methods would mistakenly
identify the presence of a localized neck due to the non-uniformity of
strain resulting from the diffuse neck. It is mathematically impossible to
distinguish the strain inhomogeneity caused by localized necking from
that caused by diffuse necking; therefore, strain analysis alone cannot
reliably detect the onset of localized necking, even for metal specimens
in which a localized neck has been initiated. Due to this crucial reason,
the DIC surface coordinates analysis approach has been employed in this
study, which accurately determined the necking limits based on obser-
vation of the characteristics associated with a physical groove of
appropriate dimensions associated with a localized neck. Nevertheless,
as a means of verifying consistency and validating the results, the pre-
dicted location of localized necking has been examined on the engi-
neering stress-strain curve, as shown in Fig. 15. This validation ensured
that localized necking occurs after UTS, in a region near the upper end of
the final drop in load prior to fracture.

4. Conclusion and future research direction

This study involved comprehensive advanced mathematical analyses
of DIC data obtained from the uniaxial tension test to examine the
impact of material anisotropy on various mechanical properties and
behaviors. For this purpose, a MATLAB mathematical tool was devel-
oped to analyze DIC data of tensile tests of DP980, providing precise
insights into localized neck detection and material anisotropy charac-
terization using the curvature method. The introduced curvature tech-
nique employs the specimen’s surface profile and groove geometry to
identify localized necking, circumventing the drawbacks of strain-based
analyses in discerning between localized and diffuse necking. The ob-
tained results revealed that the formation of localized necking takes
place within the process of non-uniform plastic deformation, located

Fig. 19. The R-value for a) each sample and b) average R-value for specimens with the same orientation with respect to the RD at the same level of work-equivalent
plastic strain.
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between the ultimate tensile strength and the fracture point. The
negative peaks represent the shoulders of the grooves, and the distance
of these points (~3 mm in this case) is approximately two times the
sheet thickness. In other words, the distance between the positive peak
and an adjacent negative peak is approximately equivalent to the
thickness of the sheet metal.

Although the limited sample size in this study may not provide
definitive conclusions about the effects of material anisotropy, the re-
sults provided valuable insights, showing that a 30-degree orientation
with respect to the RD leads to higher total strain levels during necking
initiation. These findings contribute to the understanding of how
anisotropy affects a material’s deformation limits and fracture behavior.
Moreover, the results revealed that the R-value initially fluctuates but
eventually settles into a relatively stable state for most points; however,

variations in their values were observed at the initial stages of the test.
The fluctuations observed at lower strain values can mainly be attrib-
uted to the dominance of DIC measurement errors, particularly as the
two values defining the ratio of the R-value approach zero. Additionally,
not all points experience the highest strain levels during deformation,
particularly those outside the diffuse neck zone. Consequently, many
curves stop showing further growth, while only a few points reach
higher strain levels.

The result of strain path for the specimens with the same orientations
with respect to the RD showed almost the same pattern up to the
localized necking; however, a gradual divergence became noticeable
beyond this point. As long as the strain path remains linear, it indicates
that the stress state remains uniaxial, and there are no significant al-
terations in the microstructure that could impact R-values. Significant

Fig. 20. a) The longitudinal strain for each sample and b) average longitudinal strains for specimens with the same orientation with respect to the RD at the same
level of work-equivalent plastic strain.
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Fig. 21. R-value vs. the magnitude of thinning strain for each specimen at the same level of work-equivalent plastic strain.

Fig. 22. a) strain value of individual specimens and (b) average of strain values for different orientations with respect to the RD at onset of localized neck
and fracture.
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divergence in the strain path became evident only after the onset of
localized necking. Moreover, the obtained R-values at the same level of
work-equivalent plastic strain in specimens with different orientations
with respect to the RD revealed a consistent increase in R-value from
zero-degree up to a 60-degree orientation with respect to the RD, fol-
lowed by a decrease with further orientation increase. Additionally, the
results revealed a negative linear relationship between the R-value and
the magnitude of thinning strain across all the specimens.
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