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Abstract: Within the framework of the formability limit assessment in sheet metal forming, testing
of notched tensile samples coupled with digital image correlation (DIC) has been analysed as an
alternative to overcome the implications of Nakajima testing in relation to times of test preparation,
cost of the equipment, presence of friction, and amount of material required for the test. Additionally,
the complications of the Nakajima testing at elevated temperatures need to also be considered.
In this work, specific notched sample geometries have been investigated to accurately identify
the forming limits of Aluminium alloy AA6016 in T4 condition. Once the notched geometry had
been defined, experimental tensile testing of the samples coupled with DIC technology allowed
us to identify the formability limits of interest. Finally, a comparison at room temperature with
the conventional Nakajima testing was performed experimentally. Two different methodologies
for strain limit evaluation in notched samples have been investigated in the present analysis. The
first one is called a position-dependent method and is based on the inverse best-fit parabola of the
“bell-shaped curve”, which is used in the conventional Nakajima test. The second approach referred
to a time-dependent method and is based on the strain rate evaluation at the necking zone. This
strain-rate-dependent method, which works in combination with DIC measurements, was found to
be more accurate to determine the necking limits than the previous one; in addition, it also provides
more accurate information for the safe zone of forming.

Keywords: forming limit diagram; Nakajima test; notched samples; formability; position-dependent
method; time-dependent method; digital image correlation; AA6016-T4

1. Introduction

When designing a sheet metal forming manufacturing process, material formability is
a critical aspect. The formability of metals is influenced by many different factors, including
the temperature, the strain rate, the microstructure of the metal, the sheet thickness, the
strain path followed during forming, and the as-received material condition (linked to the
microstructure, as previously mentioned) [1,2]. Any assistance for the engineers dealing
with the formability assessment at the process design stage becomes unevaluable.

The forming limit diagram (FLD) is a graphical representation of the limits of the
amount of deformation that sheet metal can undergo under different strain states during the
forming process before failure. It is a critical tool used by the sheet metal forming industry
and its concept firstly was introduced by Keeler and Goodwin [3]. The development of the
FLD measuring from the 1960s was around two main points. First is how to measure the
strain of the deformed sheet; second is how to define the forming limit of the material.

In 1968, Keeler [4] proposed the curricular grid system to measure the direction and
magnitude of the strain, while Goodwin [5] experimentally demonstrated this approach.
After that, other researchers proposed different types of grids to measure the strain. For

Crystals 2023, 13, 1134. https://doi.org/10.3390/cryst13071134 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13071134
https://doi.org/10.3390/cryst13071134
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-6498-4502
https://doi.org/10.3390/cryst13071134
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13071134?type=check_update&version=1


Crystals 2023, 13, 1134 2 of 15

example, in 1982, Sowerby et al. [6] proposed a quadrilateral pattern for strain measure-
ments. Later, Tan et al., (1992) [7] proposed the image processing technique to measure
accurately the surface strain from the grids instead of the manual approach. In 1999, the
spackle pattern was used by Vacher et al. [8] with a single camera to measure the strain.
Finally, the digital image correlation technique has been developed and is currently used to
track the change in the surface strain during the test [9].

Traditionally, the Nakajima test has been widely used to determine the formability
limits of sheet metals. This type of test involves deforming different blank geometries
using a hemispherical punch until fracture. By altering the width of the gauge section
of the blank, different stretch-forming conditions are induced on the sheet metal surface,
ranging from regular biaxial deformation to a simple tensile load [2]. Currently, the test is
performed with DIC using a position-dependent method to define the necking limit.

However, the Nakajima test requires the use of expensive equipment and is considered
a time- and resource-consuming methodology; moreover, friction is a common issue in this
test since it affects the accuracy of the crack location. In addition, the implementation of
the Nakajima test at elevated temperatures can be challenging, especially when it comes to
capturing the strain data [10,11].

As an alternative approach, notched tensile samples have been introduced to over-
come the limitations of Nakajima testing [12]. The use of notched samples has several
advantages over the Nakajima test. Notched samples are less expensive to prepare and
can be tested using standard tensile equipment, making this method more suitable for
routine quality control purposes as well as research and development activities for new
materials. Additionally, samples do not have any contact with the tools in the gauge section,
and the sample could be heated easily with the traditional heating method used for dog
bone samples.

The forementioned alternative approach involves creating a notch in the sheet metal
sample. This notch changes the triaxiality of the tensile loading condition, inducing
different strain conditions depending on the geometry of the notch. The strain at which
the failure occurs is then used to determine the formability limit [12,13]. As the sample is
subjected to tensile loading, the use of notched samples is limited to define the left-hand
side of the FLD.

In order to have the whole FLD representation, i.e., the left- and the right-hand sides
of the diagram, some works have used a hybrid approach, combining notched samples and
other types of standard testing. For example, Djavanroodi and Janbakhsh [14] obtained the
FLD using a standard tensile test for the uniaxial strain path; two different types of notched
specimens for strain states between the uniaxial tension and the plane strain condition;
and a circular specimen for the biaxial condition using hydroforming (see Figure 1). In
the work developed in [14], the onset of localized necking was identified by examining
the strain distribution profiles near the necking region and the strain on the surface of the
samples was estimated through circular grids that were printed on the samples before
the deformation. In the opinion of the authors of this work, this approach based on a
combination of notched and standard-shaped samples can be useful for the FLD definition;
however, the absence of DIC in the analysis reduces the accuracy since the onset and
evolution of the crack during the test are not captured, and the analysis just focused on
the results obtained at the end of the test. In addition, the circular grids approach is not
suitable for samples with a small gauge length like the notched samples.

Recently, Kohl and Merklein [12] used a similar approach to determine the FLD to that
of Djavanroodi and Janbakhsh [14], though this work used DIC to capture the surface strain.
When determining the onset of necking, the authors used the so-called position-dependent
method, which is a methodology designed for Nakajima samples as per the EN ISO 12004-2
standard [15]. In the opinion of the authors of this work, as will be shown later in this
publication, this approach is not suitable for samples with a small gauge length, leading to
some level of inaccuracy in the determination of the onset of necking.
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Figure 1. Different types of specimens representing the linear strain paths for (1) uniaxial tension,
(2) intermediate tension, (3) near plane strain, and (4) biaxial tension [14].

The aim of the work presented here is to investigate the implementation of the notched
samples approach as an alternative to the Nakajima testing for the left-hand side of the
FLD using DIC to estimate the strain on the surface of the samples. Different to previous
works, a new methodology for the strain limit definition, referred to as the time-dependent
method, will be proposed. Results from this novel approach have been compared with the
position-dependent method of the standard EN ISO 12004-2. Results from both methods
have been also assessed against traditional Nakajima testing.

2. Methodology

In this work, a hybrid approach was used for the FLD determination. A standard
tensile sample and two notched samples were used to identify the left-hand side forming
limits. For the right-hand side, a biaxial sample from the Nakajima test was used.

Based on the literature review, the notched sample design will be selected for the
targeted strain ratio. Then, the identified notched samples will be tested using DIC and
the onset of the necking curve will be generated through the two previously mentioned
approaches (position-dependent and time-dependent). To develop a full FLD curve, a
damage equation was utilized to fit the generated FLC points. Finally, in parallel, a full
Nakajima test was conducted to evaluate the performance of notched samples.

3. Experimental Work

AA6016-T4 material with a thickness of 2.5 mm was used in this analysis. The experi-
mental work included the Nakajima test and notched tensile tests at room temperature to
determine the failure limit of the material.

3.1. Nakajima Test

Based on the EN ISO 12004-2 standard, five different geometries were selected and
cut using EDM to represent the FLD. The chosen specimens for the tests had the following
widths: 40 mm, 80 mm, 100 mm, 120 mm, and 160 mm. The samples were sprayed with
spackle patterns and the tests were conducted on a Zwick BUP 1000 Sheet Metal Testing
machine. Tests were performed using a speed of 1.5 mm/s for the punch.

The FLC data was calculated using the ARAMIS software by defining section planes
perpendicular to the crack orientation. Typically, three parallel sections should be selected
to obtain the major and minor strain distributions along the length of the line of analysis.
For the sake of simplicity, Figure 2 shows only one of those curves. Then, the software
calculates an FLC point based on an inverse parabola fitting. The strain limit is considered
the highest strain obtained from the bell-shaped curve. This approach is referred to as the
position-dependent method and will be discussed in more detail in the next section.
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Figure 3 shows the generated FLD of the AA6061-T4 material obtained through the
Nakajima testing using the position-dependent method for the strain limit definition, as
per the EN ISO 12004-2 standard.
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Figure 3. Measured FLD for AA6016-T4 using Nakajima test.

3.2. Tensile and Notched Tests

To develop the left-hand side of the FLD, the uniaxial tensile sample was selected to
target a strain ratio of 0.5. For the notched samples, two samples were selected for a strain
ratio of −0.25 and 0 [16]. The tensile sample and the two notched samples (that are referred
to as intermediate-notched and plane-notched later in the text) were cut using EDM and
then sprayed with the spackle pattern. Afterwards, samples were tested at a Zwick 250
universal testing machine at room temperature imposing a strain rate of 0.001/s (defined
for a nominal gauge length of 15 mm). After testing, strains in the gauge length were
estimated using the DIC technique implemented in the ARAMIS software, as described
below. Samples were deformed until fracture, as the reader can see in Figure 4.
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4. Results and Discussions

For the notched samples, the images of the gauge length obtained during the test
were imported to the GOM Correlate software to analyse the strains on the surface. Be-
fore any strain limit estimation, two key aspects were initially investigated through the
DIC approach.

The first aspect is referred to as the crack location. As the reader can see in Figure 5, the
two samples failed at the centre of the sample. This validates the notched samples approach
as correct, due to the failure happening where the targeted strain ratio between major and
minor strains is taking place and not in other areas of the gauge length where a different
strain condition occurs. For instance, in the case of the plane-notched sample, the plane
strain condition is achieved in the centre of the gauge length, with the strain ratio reaching
there almost zero value, while at the edge of the notch, the strain condition becomes close
to uniaxial, with the strain ratio taking a value close to −0.5. Having a crack in the centre
of the sample guarantees that the material failed at the plane strain condition, which was
the targeted condition; the same phenomenon was observed for the intermediate-notched
sample. As a consequence of this, the strain estimated from the area of fracture in both
notched samples represents the strain limit for the targeted strain ratio.
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The conditions above cannot always be guaranteed when working with the Nakajima
tests due to friction. Indeed, if for any reason there is an increase in the coefficient of friction
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in comparison to the targeted value in the standard, there is a risk for the crack to shift away
from the centre of the sample [17]. This displacement of the crack will lead to inaccuracy in
the analysis of the failure limits. For that reason, as specified in the standard, Nakajima
tests should be rejected if the fracture occurs within a distance higher than 15% of the
punch diameter away from the apex of the dome [15]. In comparison with the notched
samples, no friction is introduced to the gauge section during the test. Therefore, better
reliability can be achieved using notched samples compared to the Nakajima test. Figure 6
compares the results of the notched sample with those obtained with the Nakajima sample.
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The second aspect that was analysed through the DIC data is related to the strain path
in the FLD followed by the major and minor strains developed at the cracked area during
the duration of the test. A linear path in the FLD would guarantee a constant ratio between
major and minor strains, i.e., the same strain condition during the whole duration of the
test in the area where failure happens (centre of the gauge length).

Figure 7 shows the strain ratios measured through DIC for the tensile and the notched
samples at the point of maximum major strain. As the reader can observe, all three samples
showed a constant strain ratio during the duration of the test. For the plane-notched sample,
a strain ratio of −0.1 was found. This value can be considered a good representation of the
plane strain condition, as it is close enough to the targeted zero value. For the intermediate-
notched sample, a strain ratio of −0.22 was measured. Finally, a strain ratio of −0.4 was
estimated for the tensile sample (deviations from the −0.5 value are due to the material
anisotropy that slightly drifted the strain ratio). These results validate the assumption that
the notched samples approach can cover the left-hand side of the FLD successfully and can
maintain the targeted strain ratio during the whole test.

Figure 8 highlights the strain path for the notched samples (intermediate) and the
Nakajima sample with a similar strain ratio. It can be observed that the line reflecting the
strain path from the notched sample is straighter when compared to the one obtained from
the Nakajima sample. This as well confirms that the notched sample approach has higher
accuracy compared to the Nakajima test regarding the stability of the strain ratio during the
whole test. The obtained FLD points are affected by the linearity of the strain path [18,19].
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In this section of the paper, the authors demonstrated the validation of the notched
samples approach, observing the correct location of the failure and the strain ratio value
during the tests. In the next sections, two methodologies will be analysed in order to define
the onset of necking, as well as to estimate the value of the strain limit.

4.1. Position-Dependent Method (Inverse Best-Fit Parabola)

The determination of the strain limit via the position-dependent method is based on
the last captured image frame before fracture. The distribution of the major strain along
the section obtained, based on a perpendicular plane to the fracture on the sample, is used
in this methodology.
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The first step of the position-dependent method consists of defining the interpolation
window for the inverse parabola fitting that will be performed in the second step. These
boundaries for the curve fitting are obtained based on a second derivative of the major
strain along the distance of the section. Based on the standard, using three points for the
calculation of the second derivative of the strain data is considered the second derivative
without a filter. Also as per the standard, a filtered curve (smoothed) is obtained by using
five points to calculate the second derivative. Once the second derivative is obtained (with
and without filtering this magnitude), the two highest peaks of the calculated derivative
define the inner boundaries. For the outer boundaries, an offset applied to the inner
boundaries is calculated, proving the width of the fitting window. Once the fitting window
is obtained, the major strain is fitted with an inverse parabola defined by Equation (1):

f (x) =
1

ax2 + bx + c
(1)

The forming limit is taken as the maximum value of the fitted parabola. Though
calculations have been performed on the last frame before fracture, the obtained value
refers to the strain limit for the onset of the necking. A similar approach is followed for the
minor strain [15]. Figure 9 depicts the obtained results for the notched sample analysed in
this work, showing a forming limit value of 0.46.
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Figure 9. The development of FLD point for the notched sample through the position-
dependent method.

4.2. Time-Dependent Method

The determination of the strain limit via the time-dependent approach is based on the
temporal evaluation of the strain and the strain rate in a sequence of points located in the
area of the fracture. As explained in the literature, the strain level of the points that are
located inside the region of the plastic instability increases monotonically until the fracture,
whereas points adjacent to the plastic instability region cease to strain and even undergo
some elastic unloading immediately before failure [20,21].

Another example of the time-dependent approach can be found in the work of Mar-
tinez et al. [22]. Working with the Nakajima samples, the strain limit was defined based
on a time-dependent method, based on the analysis of the major strain and the strain
rate for a series of points (on either side of the crack) that are adjacent and also inside
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the plastic instability area, as schematically explained in Figure 10. Two reference points
were identified at the necking zone: the point at the boundary of the instability region
(referred to as A) and the fracture point (referred to as B). Moving along the point selection
(from inner to outer points), the boundary of the necking region (point A) is defined by the
last point that ceases to strain and experiences a drop in strain rate just before the crack
appears. Point B is identified as the point exhibiting the highest strain evolution. The onset
of necking is considered to take place when point A exhibits a maximum in the strain rate
magnitude. The strain at point B at that exact instant is considered the strain limit.
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In the current work, a similar approach was followed for the notched samples (plane-
notched and intermediate-notched), as well as for the tensile samples, analysing the DIC
images obtained during the tests in order to define the strain limits for the different
strain conditions.

Figure 11 presents the major strain distribution in the gauge length of the plane strain
sample in the instant of the test close to the fracture. A section plane normal to the crack
direction was constructed and a number of points were placed on that plane with a distance
of 0.5 mm between them. The point with maximum strain was labelled as Point 1 (point B
in Martinez et al.’s approach [22]). By analysing the evolution of the strain and strain rate
during the time for all the selected points, the point at the boundary of the instability region
(point A in Martinez et al.’s approach [22]) was found to be Point 5 (see Figure 12a–c),
which has an offset of 2.5 mm from Point 1.

Analysing the strain rate of the selected points in Figure 12b, it can be observed that
the instability of the strain rates starts at approximately a maximum strain of 0.21 in Point 1.
From Figure 12c, the onset of necking time was detected based on the strain rate evolution
of Point 5. A drop in the strain rate values can be observed. The maximum strain at the
onset of necking time was 0.27 in Point 1. Figure 13 shows the DIC images for the major
strain at the different identified phases.

Analysis of the intermediate-notched sample was performed using the same approach.
Figure 14 presents the constructed section plane and the facet points on the gauge length
of the sample. A 0.25 mm offset between the points was selected. As in the previous case,
Point 1 was identified as the material point showing the maximum strain, and Point 5 was
identified as the point at the boundary of the instability region, in this case, 1.5 mm away
from Point 1. The onset of necking was detected and a maximum strain of 0.34 was found
for that instant.
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Figure 11. Major strain distribution on the plane-notched sample. A number of points were selected
as part of the time-dependent analysis for the strain limit determination.
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Figure 12. The analysis of the temporal evaluation of the strain data for the plane strain notched
sample for (a) the major strain at different points, (b) the strain rate at different points, and (c) strain
rate for the boundary point 5.



Crystals 2023, 13, 1134 11 of 15Crystals 2023, 13, x FOR PEER REVIEW  12  of  17 
 

 

 

Figure 13. DIC images related to the evolution of the major strain for the notched-plane sample. 

Analysis  of  the  intermediate-notched  sample was  performed using  the  same  ap-

proach. Figure 14 presents the constructed section plane and the facet points on the gauge 

length of the sample. A 0.25 mm offset between the points was selected. As in the previous 

case, Point 1 was identified as the material point showing the maximum strain, and Point 

5 was identified as the point at the boundary of the instability region, in this case, 1.5 mm 

away from Point 1. The onset of necking was detected and a maximum strain of 0.34 was 

found for that instant. 

Figure 13. DIC images related to the evolution of the major strain for the notched-plane sample.
Crystals 2023, 13, x FOR PEER REVIEW  13  of  17 
 

 

 

Figure 14. Major strain distribution on the  intermediate-notched sample. A number of points are 

selected as part of the time-dependent analysis. In the figures on the right, the evolution of major 

strain for the intermediate-notched sample. 

Similar to the notched samples, the uniaxial tensile sample was analysed, identifying 

different  stages  in  the  deformation  process  for  this  strain  condition  (Figure  15).  The 

boundary limit (Point 6) was found at a distance of 3 mm from Point 1. The forming limit 

for the uniaxial sample was identified as 0.37. 

 

Figure 15. Data preparation for time-dependent analysis for the uniaxial sample on the major strain 

distribution and the evolution of major strain for the uniaxial sample. 

Figure 14. Major strain distribution on the intermediate-notched sample. A number of points are
selected as part of the time-dependent analysis. In the figures on the right, the evolution of major
strain for the intermediate-notched sample.
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Similar to the notched samples, the uniaxial tensile sample was analysed, identifying
different stages in the deformation process for this strain condition (Figure 15). The
boundary limit (Point 6) was found at a distance of 3 mm from Point 1. The forming limit
for the uniaxial sample was identified as 0.37.
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distribution and the evolution of major strain for the uniaxial sample.

Figure 16 depicts the points of the FLC identified through the analysis of the three
samples. Though in the current work, only one sample was used to determine the forming
limit, it is recommended to have a repetition of three samples and a minimum of two
sections per sample.

Due to the limited FLC points obtained, Hu et al.’s [23] ductile damage model was
used. In this model, the maximum shear stress is chosen and normalized by the equivalent
stress to describe the influences of the shearing mechanism, while the stress triaxiality is
selected to represent the effects of the tension mechanism [24].

Equation (1) presents the damage equation used to develop the whole curve of the
FLC. Parameters of Equation (1) were estimated based on the data from the tensile, notched
samples and the biaxial sample from the Nakajima test.

D =
1

C3

ε f∫
0

[(
2τmax

σ

)C1

+

(
η − 1

3

)]C2

dεp (2)

where D is the damage parameter; ε f is the effective strain at failure; σ is the effective stress;
τmax is the maximum shear stress; η is the stress triaxiality; dεp is the incremental effective
plastic strain; C1, C2, and C3 are material constants.

Figure 17 presents the developed FLC after having fitted Equation (1) with the data of
the tensile and notched tests. A good agreement exists between the developed FLC and the
curve fitted to the experimental points of the Nakajima test.
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where D is the damage parameter;  𝜀̅   is the effective strain at failure; 𝜎ത  is the effective 
stress;  𝜏̅௫   is  the maximum shear  stress;  𝜂   is  the  stress  triaxiality; 𝑑𝜀̅   is  the  incre-
mental effective plastic strain; C1, C2, and C3 are material constants. 
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From Figure 17, it can also be noticed that the Nakajima test results for the uniaxial
case do not accurately match the strain limit obtained from the tensile sample: the strain
ratio coming from the Nakajima tests for the uniaxial condition was −0.22, whereas the
tensile sample yield a value of −0.4. The developed hybrid approach using the tensile
sample provides more accuracy to the FLC obtained via curve fitting.

With the prediction of the FLC proposed in this work, an accurate value for the plane
strain forming limit can be obtained by considering a null value for the minor strain.

Finally, using the data captured from DIC, an approximate characterization for the safe
and risk regions have also been developed, which can be significantly helpful for simulation
activities. It should be said that in the current approach followed by the industry, the safe
zone is defined by an approximate offset from the FLC. This offset value varies depending
on the source of the FLC. The proposed approach provides a more accurate definition of
the safe region.

5. Conclusions

In this study, a hybrid approach to identify the forming limits of AA6016-T4 was
investigated. This hybrid approach included the use of the notched samples for the
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left-hand side of the FLD and the biaxial Nakajima test for the right-hand side. The time-
dependent method was used to obtain the onset of necking strain. A good agreement
was found between the proposed hybrid approach and the standard Nakajima test. The
following points have been concluded:

• It has been confirmed that notched can be used to target plane strain conditions;
however, a 10% error is expected in the achieved strain ratio as the ratio might shift
slightly towards the negative minor strain. In addition, using notched samples was
found to be significantly beneficial in terms of cost, accuracy, and time. The geometry
of the notch in the gauge area is also very flexible to adapt for different lengths and
the introduction of temperature in the testing can be implemented as it is performed
in standard tensile tests;

• Although the position-dependent method applies a parabola fitting technique to define
the limit strains rather than using the actual physical measurement, it was observed
that this method can provide a good estimation for the necking limits of the material
when using the standard Nakajima samples; however, it is not designed for samples
with small gauge lengths as it might overestimate the onset of necking;

• The accuracy of the time-dependent method depends on the accuracy of strain mea-
surements, especially the number of captured frames-per-second, as the method
depends on the evolution of strain rate and the definition of the boundary limit, which
depends on the gauge length;

• It was found that DIC applied to notched samples can capture the different phases of
deformation, i.e., safe limit, the onset of necking, and fracture. This provided valuable
information on both the safe and risk zones of the FLD; in addition, it can be used to
calibrate accurate damage models with support simulation activities.

This paper presents a new hybrid approach to determine the FLC experimentally
using notched samples; however, further research with different materials is necessary
to verify this methodology. Furthermore, the reliability of this approach under different
temperatures and different strain rates needs to be investigated.
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