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The stress–strain behavior of sheet metal is commonly evaluated by tensile test. However, the true stress–
strain curve is restricted up to uniform elongation of the material. Usually, after the uniform elongation of
the material the true stress–strain is obtained by extrapolation. The present work demonstrates a procedure
to find out the true tensile stress–strain curve of the steel sheet after necking using digital image correlation
(DIC) technique. Hill�s normal anisotropic yield criteria and local strains measured by DIC technique are
used to correct the local stress and strain states at the diffuse necked area. The proposed procedure is shown
to successfully determine the true tensile stress–strain curve of ferritic and dual-phase steel sheets after
necking/uniform elongation.

Keywords diffuse necking, digital image correlation, post-neck-
ing tensile stress–strain curve, sheet metal, tensile test

1. Introduction

Finite element method has been extensively used nowadays
to optimize metal forming operations, simulation of crash
events and other large deformation processes. Many metal
forming operations lead to strains that are beyond the uniform
elongation of the material. For a precise simulation of crash
events and machining operations, information on stress–strain
response of materials over a large range of strain is mandatory.
Therefore, there is a requirement of generation of stress–strain
response of a material beyond its uniform elongation. The
classical methods of obtaining stress–strain behavior of a
material such as conventional tensile tests are not sufficient to
get the stress–strain response after necking (Ref 1). More
expensive and cumbersome hydraulic bulge tests are normally
used to obtain the required stress–strain information in such
cases (Ref 2). Of late, few research groups (Ref 3-10) have
worked on hybrid methods, employing a combination of
experiment, analysis and finite element simulation, to construct
post-necking tensile stress–strain curve. However, these meth-
ods are not simple and straightforward to employ in an
engineering scenario.

Bridgman (Ref 11) was the first to propose a method for
determining the post-necking hardening behavior of a round
bar. Principally, the proposal was to correct the geometry of
necking profile (i.e., local area correction). Zhang et al. (Ref 12)
extended this concept for a tensile test specimen with cross

section of rectangular geometry. However, this method is valid
only up to a maximum aspect ratio of 8 for the rectangular cross
section. Koc and Stok [13) proposed an inverse method based
on the experimentally measured tensile forces. Kajberg and
Lindkvist (Ref 14) combined the in-plane displacement fields
measured by digital speckle photography (DSP) and inverse
modeling, to describe the stress–strain response of a sheet metal
at high plastic strains. Tao et al. (Ref 15) reported an iterative
procedure to determine the stress–strain curve beyond necking
using digital image correlation (DIC). Holmberg et al. (Ref 16)
employed tensile tests using DIC to determine the formability
of sheet metal. Merklein et al. (Ref 17) determined the thermo-
mechanical material characteristics by measuring deformation
of tensile specimens using DIC. Grédiac and Pierron (Ref 18)
successfully determined the post-necking plastic material
behavior through DIC and virtual field based inverse modeling.
Marth et al. (Ref 10) used optical full-field displacement
measurements to compute local strain fields and stress–strain
curve of the material after necking. Coppieters et al. (Ref 5)
presented an alternative technique without using a finite
element (FE) model to identify the hardening behavior of
sheet metal after necking. This method minimized the differ-
ence between the internal and external work in the necking
region in a tensile experiment. Tardif and Kyriakides (Ref 6)
predicted post-necking true stress–strain curve of Al-6061-T6
sheet metal. They simulated the tensile test of Al-6061-T6 sheet
metal numerically using a 3D finite element model, and the
response of the sheet metal was iteratively extrapolated until the
simulated and measured force-elongation matched. They also
validated their method by measurement of strains in necking
zone and geometry of the neck. Gerbig et al. (Ref 9) presented a
general framework for coupling DIC with FE analysis to find
out material parameters from measurements of non-uniform
displacement fields in a tensile specimen. The aim was to
reduce the discrepancy between measured and calculated force
and displacement fields by continually correcting the material
constants in a selected constitutive equation. Wang and Tang
(Ref 7) predicted tensile true stress–strain curve after necking
from standard flat coupon by numerical simulation with a
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multi-linear strain hardening model. Zhao et al. (Ref 8) also
presented a method (combination of simple tensile test and FE
analyses) for obtaining the stress–strain response of sheet
metals over a large strain range.

Determination of post-necking true stress–strain curve can
be done in three ways. The first procedure is to correct stress–
strain states in the necked region by introduction of a correction
factor. Zhang et al. (Ref 12) derived such correction factor from
extensive finite element study for a tensile test specimen with
rectangular cross section. Researchers reported various such
correction factors for tensile test specimens with circular (Ref
11) and rectangular (Ref 12, 19) cross sections. The second
procedure is inverse method based on finite element model
updating. An anticipated stress–strain curve of the material is
supplied into the finite element program, and the simulated
load-axial displacement curve is compared with the experi-
mental load-axial displacement curve. The post-necking stress–
strain curve is achieved when the difference between experi-
mental and simulated load-axial displacement curves lies within
a predefined range (Ref 8, 13, 20, 21). Kim et al. (Ref 21)
reported that the selection of a hardening law is vital to obtain
the post-necking strain hardening response precisely. In the
third procedure, instead of phenomenological hardening laws a
piecewise linear hardening model is used (Ref 6, 10, 22). This
procedure can describe realistic post-necking stress–strain
curve because commonly used hardening laws are unable to
describe the stress–strain response properly in some materials,
especially at large strains (Ref 6). In all investigations,
researchers used DIC to extract neck geometry and validate
their procedures. In the present investigation, DIC is used to
directly measure correction factor to correct stress–strain states
in the necked region.

The finite element-based inverse technique is successfully
used by many authors to identify the unknown material
parameters of a preselected material model. But, there are
some inherent complexities in this FE-based inverse technique.
For example, the accuracy depends upon the preselected
material model, specimen geometry modeling and finite
element model-like type of analysis employed, domain and
time discretization used, the boundary conditions applied.
Apart from these, the finite element computations are time-
consuming and require a certain level of expertise. It is a
difficult task to the research community to construct a finite
element model which is competent of dealing with the plastic
instability effectively. In the present work, an alternative

approach is presented to identify the extended true stress–
strain curve after necking/uniform elongation of sheet metal.

2. Experimentation

Cold-rolled commercial ferritic (high strength interstitial
free) steel and dual-phase (DP600) steel (contains ferrite and
martensite phases) are selected for this investigation. Tensile
behavior of DP steel is governed by the volume fraction and
morphology (shape, aspect ratio, distribution, etc.) of the
martensite, ferrite-martensite interface strength, as well as the
grain size and carbon content in the ferrite phase (Ref 23).
However, present investigation is limited to the as-received
microstructure of DP steel. Sheet thickness of ferritic and DP
steels was 1.2 and 1.4 mm, respectively. Flat tensile specimens
with a gauge length of 25 mm are used. All specimens are
fabricated in such a manner that specimen�s loading axis lies in
the rolling direction of the sheet. A constant strain rate of 0.001/
s is used for conducting the tensile test. All experiments are
carried out at laboratory environment in a servo-electric test
frame of 35 kN capacity. All tests are continued until fracture of

Fig. 1 Servo-electric Instron test frame with LaVision DIC setup for tensile test

Fig. 2 Tensile stress–strain curve of ferritic and DP steels
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the sample. Commercially available 2D DIC system from
LaVision (Ref 24) is used for local strain measurement. Tensile
test setup with online strain measurement unit is shown in
Fig. 1. Speckle pattern foil, supplied by LaVision, is used on
one side of the sample. Normally, 100–200 images per test
specimen are stored for determination of local strain compo-
nents.

3. Results and Discussion

Tensile stress–strain curves of ferritic and DP steels are
illustrated in Fig. 2. Contours of local strain components,
parallel to the loading direction (eYY) and perpendicular to
loading direction (eXX) at various overall strain levels during
tensile test of a ferritic steel, are shown in Fig. 3 and 4,
respectively. A vertical line is selected (Fig. 5) in the middle of
the specimen gauge length for investigation of evolution of
local strain components at various overall tensile strain levels.
The vertical line is drawn through DaVis software supplied by
LaVision (Ref 24) for further analysis. Evolution of local strain
components (eYY and eXX) along chosen vertical line at various
overall strain levels is shown in Fig. 6(a) and (b). The plastic
deformation is noted to be homogeneous within the gauge
length of the sample up to uniform elongation of the material,
after that the deformation is concentrated to a local region. This
localization of plastic deformation is normally known as
necking. Tardif and Kyriakides (Ref 6) also reported similar
type of localization in Al-6061-T6 sheet metal by showing edge
profile in the necked area. Necking of a sheet metal can be

classified into two categories such as diffuse and local necking.
Normally, diffuse necking is followed by local necking. Strain
concentrations in both the width and thickness directions are
comparable in the diffuse necking. While, the strain contraction
in the thickness direction is far higher than in width direction
for local necking (i.e., an indication of plane strain deforma-
tion).

For detailed analysis, two horizontal lines (Fig. 7), one at
the necked region and the other outside the necked zone but
within the gauge length, are selected for investigation of
evolution of local strain components (eXX and eYY) at various
overall tensile strain levels. Evolution of local strain component
(eYY) at necked zone in various overall strain levels is shown in
Fig. 8. The variation of the strain component (eYY) across the
width of the sample is noted to be small. Therefore, local
average strain components (eXX and eYY) at various overall
strain levels at the two zones defined earlier (at necked and
outside the necked zone) are computed from DIC results.
Evolution of this local average strain components (eXX and eYY)
in the two zones at various overall strain levels are plotted in
Fig. 9(a) and (b). Local average strain components (both eXX
and eYY) at outside the necked zone remain almost constant
after uniform elongation. On the other hand, the local average
strain components within the necked zone increase with the
overall strain even after uniform elongation. At the end (last
four points), the strain component (eXX) in necked zone remains
constant almost up to the fracture event, while eYY increases
with straining (Fig. 9a). This indicates that the axial elongation
takes place at the expense of thinning (thickness strain)
implying a plane strain deformation. Normally, plane strain
deformation would occur during local necking. Therefore, local

Fig. 3 Contour of local strain component parallel to loading direction (eYY) at various overall strain levels during tensile test of a ferritic steel
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necking is distinguishable for ferritic steel. However, the local
necking is not distinguishable for DP steel in Fig. 9(b).

Based on the above observations, a procedure is developed
to determine post-necking true stress–strain curve of sheet

metal using a DIC-based local strain measurement, and
correction of local stress and strain states. Due to the use of
DIC, measurement of local strains in necked region was
straightforward and precise. The procedure assumed void
formation during diffuse necking will not significantly con-
tribute to the volume change, and thus the volume remains
constant in the necked region. The rationale for this assumption
is due to the experimental evidence provided by Tasan et al.
(Ref 25) who showed through high-resolution SEM and 3D
x-ray tomography that the void volume fraction in DP 600 is
steel less than 2%. It is thus anticipated that such a low volume
fraction of voids would not contribute significantly to the
volume change during diffuse necking. It may also be noted
that such an assumption is valid only in the cases of diffused
necking wherein the necking is very shallow. For the case of
localized necking, volume fraction of voids can be high enough
and volume constant condition is no longer applicable.
Therefore, this procedure cannot be applicable for localized
necking. The procedure for determining the post-necking
stress–strain curve is as given below:

The strain rate ratio (b) is the ratio of minor strain rate
(deXX) and major strain rate (deYY) and defined as

b ¼ deXX
deYY

ðEq 1Þ

Similarly, the stress ratio (a) is the ratio of minor stress
(rXX) and major stress (rYY) and defined as

a ¼ rXX
rYY

ðEq 2Þ

Fig. 4 Contour of local strain component perpendicular to loading direction (eXX) at various overall strain levels during tensile test of a ferritic
steel

Fig. 5 Vertical line on the middle of the sample surface and within
the gauge length for investigation of evolution of local strain
components at various overall tensile strain levels
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The normal anisotropy coefficient (r) can be defined as the
ratio of width strain increment (deXX) and thickness strain
increment (deZZ).

r ¼ deXX
deZZ

ðEq 3Þ

We can easily measure deXX and deZZ directly from 3D DIC
experiment. However, we have used 2D DIC technique. As a
result, deZZ can be calculated from volume consistency
condition. Considering volume remains constant during the
deformation, Eq 4 can be obtained.

deXX þ deYY þ deZZ ¼ 0 ðEq 4Þ

where deXX, deYY and deZZ are the increment in true strain in
the width, axial and thickness directions, respectively.

Thickness direction strain can be obtained by rearranging
Eq 4.

deZZ ¼ �ðdeXX þ deYY Þ ðEq 5Þ

So, the normal anisotropy coefficient (r) can be determined
from Eq 6.

r ¼ deXX
�ðdeYY þ deXX Þ

ðEq 6Þ

Hill�s quadratic normal anisotropic yield criterion is a
special case of Hill�s general anisotropic yield criterion. In this
yield criterion, the equivalent stress (req) is a function of the
principal stresses (rYY and rXX) and the normal anisotropy
coefficient (r). The equivalent stress (req) for plane stress
condition can be defined by:

req ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2XX þ r2YY � 2r

1þ r
rXXrYY

r

ðEq 7Þ

Fig. 6 Evolution of local strain components (eXX and eYY) at
various overall strain levels during a tensile test of a ferritic steel
(Fig. 5) (a) eYY and (b) eXX

Fig. 7 Horizontal line on the sample surface at necked and outside
the necked zone but within the gauge length for investigation of
evolution of local strain components (eXX and eYY) at various overall
tensile strain levels

Fig. 8 Evolution of local strain component (eYY) at various overall
strain levels during a tensile test of a ferritic steel
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Similarly the equivalent strain rate (deeq) can be defined by:

deeq ¼
1þ r
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2r
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

de2XX þ de2YY þ 2r

1þ r
deXX deYY

r

ðEq 8Þ

The relationship between equivalent stress (req) and major
stress (rYY) can be given as:

req ¼ rYY

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a2 � 2r

1þ r
a

r

ðEq 9Þ

Bridgman correction factor (Ref 11) is the ratio of equiv-
alent stress (req) and axial or major stress (rYY). From Eq 9,
instantaneous correction factor can be obtained. Therefore,
introduction of separate correction factor for this work is not
required. Major stress (rYY) is the true local average stress
along loading direction and can be determined from Eq 10.

rYY ¼ SYY e
eYY ðEq 10Þ

Similarly, the relationship between equivalent strain rate
(deeq) and major strain rate (deYY) can be given as:

deeq ¼ deYY
1þ r
ffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2r
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ b2 þ 2r

1þ r
b

r

ðEq 11Þ

The relationship between strain rate ratio (b) and stress ratio
(a) is:

b ¼ ð1þ rÞa� r

1þ r � ra
ðEq 12Þ

And its inverse relationship is:

a ¼ ð1þ rÞbþ r

1þ r þ rb
ðEq 13Þ

The steps to determine post-necking stress–strain response
of steel sheets are listed in a sequential order:

i. The true average local strain along the loading direction
(eYY) and along the width direction (eXX) in necked zone
is directly measured from DIC results.

ii. Then, the normal anisotropy coefficient (r) can be deter-
mined from Eq 6.

iii. The strain rate ratio (b) can be determined from Eq 1.
iv. The stress ratio (a) can be determined from Eq 13.
v. Determine the true stress along loading direction in the

necked zone from Eq 10.
vi. The equivalent stress (req) is determined from Eq 9.

Fig. 9 Evolution of local average strain components (eXX and eYY)
at various overall strain levels during a tensile test of a ferritic steel:
(a) DP steel and (b) ferritic steel

Fig. 10 Comparison of true tensile stress–strain curve of standard
tensile test and predicted by DIC with local area correction (a) DP
steel and (b) ferritic steel
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vii. The equivalent strain rate (deeq) is determined from
Eq 11.

Bridgman (Ref 11) corrected local stress and strain state at
the necked region because of triaxial stress state presence. In
the current work, equivalent stress (Eq 9) and strain (Eq 11) are
also determined by introducing correction of local stress and
strain state at the necked region.

Based on the above procedure, stress–strain data after
necking are calculated and a comparison of true tensile stress–
strain curve obtained from standard tensile test and measured
by DIC after local stress and strain correction for DP steel and
ferritic steel are shown in Fig. 10(a) and (b), respectively.

Predictions are found to be in good agreement with the
experimental results up to necking/uniform elongation. The
nature of the post-necking true tensile stress–strain curve is
noted to be in line with the reported results (Ref 2, 6, 7, 10).

To use the post-necking true tensile stress–strain curve
accurately in finite element simulation, constitutive description
is mandatory. Constitutive relations to describe the quasi-static
stress–strain curve of the materials are available in the literature
(Ref 26). Some of them are examined in this work to assess
their predictive capability in large strain condition. Ludwik (Ref
27) strain hardening law can be expressed by Eq 14.

r ¼ r0 þ Kenp ðEq 14Þ

where r0 and r are the yield stress and true stress, eP is the
plastic strain. K and n are material constants for Ludwik law.

El-Magd (Ref 28) strain hardening law can be expressed by
Eq 15.

r ¼ r0 þ Aep þ B 1� e�bep
� �

ðEq 15Þ

where A, B and b are the material constant for El-Magd law.
Voce (Ref 29) strain hardening law can be written by Eq 16.

r ¼ r0 þ C 1� e�aepð Þ ðEq 16Þ

where C and a are the material constants for Voce law. Swift-
Voce (Ref 30) strain hardening law can be stated as:

r ¼ r0 þ zKenp þ ð1� zÞC 1� e�aepð Þ ðEq 17Þ

where z is the material constant. Material constants K and n are
same as in Eq 9; similarly, material constants C and a are same
as in Eq 16.

Hockett–Sherby (Ref 31) strain hardening law can be stated
as:

r ¼ F � Deke
m
p ðEq 18Þ

where F, D, k and m are material constants for Hockett–Sherby
law.

The prediction capabilities of the above constitutive models
for large strain deformation are compared in Fig. 11. Material
constants for all the models are given in Table 1 for both ferritic
and DP steels. Prediction by Swift-Voce and El-Magd laws
reasonably matches with experimental results for DP steel
(Fig. 11a), while Hockett–Sherby and Voce laws are unable to
predict experimental post-necking stress–strain curve accu-
rately. The predictive capability of Ludwik law is also
reasonably good for the DP steel. For ferritic steel, prediction
of post-necking stress–strain curve by El-Magd law is the best
(Fig. 11b), while Hockett–Sherby and Voce laws are unable to
predict the experimental results accurately. Swift-Voce and
Ludwik laws show average prediction capability of post-
necking stress–strain curve for ferritic steel. Considering the
prediction capability of all the examined models for both the

Fig. 11 Fitting of various quasi-static models on true tensile stress–
strain curve determined from DIC with local area correction (a) DP
steel and (b) ferritic steel

Table 1 Material constants for ferritic and DP steels in different models

Steel r0 K n A B b C a z F D k m

DP 500 800 0.5 410 340 9.8 600 5 0.7 1140 650 4 0.9
Ferritic 200 500 0.6 440 100 15 550 2 0.7 640 450 2 0.8
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steels, El-Magd law has been found to satisfactorily match the
post-necking stress–strain curves in both the cases.

4. Conclusions

An alternative approach to determine post-necking
true stress–strain curve of steel sheets experimentally is
presented in this work. DIC is used to measure the strain
fields on the surface of the specimen with a rectangular cross
section in a quasi-static tensile experiment. Local stress and
strain corrections in necked zone are done from the
experimentally measured local strains at the necked zone
and classical theory of plasticity. The proposed approach is
validated by the experimental results for ferritic and DP
steels. Application of the proposed approach is limited to
diffused necking zone. The predictive capabilities of various
quasi-static isotropic hardening laws are examined in the
post-necking large strain levels. El-Magd law is found to
successfully predict the post-necking stress–strain curve for
both ferritic and DP steels.
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