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Abstract: Characterizing the behavior of ductile metals at high strains is essential in various fields. In
the case of thin sheets, rectangular cross-section specimens are used to characterize these materials,
typically by tensile tests. Unlike cylindrical specimens, flat ones pose additional challenges for the
hardening characterization at high strains, especially in the post-necking phase, which, for many
high-strength steels, may cover most of the plastic strain range. After the onset of global necking,
the rectangular cross-sections tend to distort with respect to their original shape, as their edges
progressively curve and bulge inward. The localized necking occurring after the global one in thinner
specimens, further distorts the necked zone. Additionally, sheet metals usually exhibit anisotropic
characteristics that affect the derivation of the stress–strain curve and need to be dealt with. No exact
method exists for the stress–strain characterization of ductile thin sheets at high strains from tensile
tests. Although several approximate methods are available in the literature, they either discard the
post-necking range or require highly advanced and complex experimental setups not suitable for
industrial applications (e.g., 3D DIC). Then, this work proposes a relatively simple methodology for
the experimental characterization of anisotropic thin sheet metals through tensile tests on rectangular
cross-section specimens that delivers the true stress–strain curve of the material, extended over the
necking range and up to fracture, accurately assessing the anisotropy and the distortion of the neck
section. The proposed methodology, employing a standard single-camera experimental setup, is
illustrated here, referring to four different steels for automotive applications with reference to a single
material orientation; it is intended as representative of the repeated procedure involving tensile tests
along 3 or more material directions in order to describe the whole anisotropic plastic response. A
detailed comparison between the novel methodology and four other common approaches is carried
out, highlighting the differences and the enhanced capabilities of the novel one proposed.

Keywords: sheet metals; true curves; necking; anisotropy; Lankford

1. Introduction

The remarkable mechanical properties of modern advanced sheet metals, such as high
resistance, ductility, formability, and lightness, make these materials very attractive for
several engineering applications. The technological processes involved in the production
of sheet metals can strongly affect their mechanical response, often inducing anisotropic
characteristics.

An accurate derivation of the tensile true stress–true strain curve is a necessary step for
the extraction of the material’s hardening curve. Since ductile metals can have an extended
post-necking straining history (e.g., up to 90% of the material’s life), the common engineer-
ing approaches based on the load vs specimen’s elongation data [1–4] are highly inadequate
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to investigate the whole material’s tensile behavior. Although the post-necking phases of
material life are frequently underrated, they are crucial in the design of many structural
applications requiring severe safety assessments under exceptional critical loadings, such
as in the nuclear, automotive, aerospace, and ballistic fields.

The more advanced methodologies aiming at the derivation of true curves of sheet
specimens include the acquisition of the local shrinking of the specimen’s cross-section
(reduction in width and thickness for flat geometries or reduction in diameter for cylindrical
ones) by means of techniques such as digital image correlation (DIC) or optical extensometer
(pixel count) [5]. In the work of Nguyen et al. [6], the true stress–strain curve was derived
for two sheet alloys from full-field displacement measurements with a two-dimensional
DIC method. However, as observed in Mirone et al. [7], the strain measurements on
the specimen’s surface can neglect the gradient of deformations through the thickness,
underestimating or overestimating the true section-averaged strain. Sasso et al. [8] im-
proved the 2D-DIC technique by associating it with Moiré phase-shift interferometry for
the out-of-plane displacement measurements (orthogonal with respect to the specimen’s
surface) in order to reconstruct the complete three-dimensional deformed shape of a necked
sheet specimen.

For tensile testing on sheet metals, the rectangular specimen’s geometry is mandatory.
The nominal gauge length/width ratio should be at least 5, in order to ensure a uniax-
ial stress state and uniform strains within the region between the specimen’s shoulders.
Moreover, a nominal width/thickness ratio between 1 and 2 is recommended to delay the
inception of the localized necking phenomenon, which can drastically reduce the failure
strain. Before the necking onset, the tensile true curve (and the corresponding material
flow curve) can be simply determined from the experimental acquisition of load and gauge
elongation. On the other hand, once the necking effects evolve during the test and the
specimen assumes the so-called “hourglass-like” shape, the elongation-based approach
misses the strain localization at the necking section, giving a very poorly accurate represen-
tation of the material behavior. If the material is isotropic or transversely isotropic, a single
video acquisition is sufficient to determine the dimensions of the specimen’s cross-section,
either in flat or cylindrical geometry. In this latter case, if the specimen is anisotropic, the
cross-section assumes an elliptical, deformed configuration, as observed in [9,10]. Also for
sheet metals, the anisotropic behavior complicates the experimental measurements of local
shrinking due to different modes of deformation along the transversal directions. By means
of advanced techniques such as 3D Digital Image Correlation [11], it is possible to extend
the tensile true stress curve in flat dog-bone specimens during the post-necking phase,
but the imaging acquisition setup becomes more complex since at least two orthogonal
cameras are required. Despite this, when a material is highly ductile, the localized necking
phenomenon leads to the distortion of the rectangular cross-section, whereas its edges
assume an increasing curvature towards the center, causing a reduction in the net resistant
area with respect to the gross, rectangular one. Zhang et al. [12,13] conducted a numerical
simulation campaign in order to establish a relationship between the reduction in the
specimen’s cross-section and its thinning during necking evolution.

The localization of plastic strains in the necking section forms the typical inclined
bands, which, for isotropic materials, are oriented at 55 degrees with respect to the specimen
axis. Cazacu and Rodríguez-Martínez [14] observed that this inclination strongly depends
on the anisotropic behavior of sheet metals.

In this work, the authors recall and further develop the methodology discussed in a
previous paper [7] for the determination of the true curve of anisotropic alloys from tensile
tests on rectangular specimens by using a standard single camera experimental setup and
fracture surface analyses. The proposed methodology has been adopted to investigate the
tensile behavior of four different steels for automotive applications, comparing different
degrees of approximation methods adopted for calculating the true stress and true strain,
and highlighting the enhanced capabilities of the novel proposed one.
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It is important to specify that the determined true curve is not the material’s flow
curve and is not exhaustive for describing the hardening, except for the pre-necking phase
alone. At the same time, it is the most close and essential piece of information we have
from experimental tests to derive the hardening curve. Indeed, many direct and indirect
methods have been implemented by researchers in order to depurate the contribution of
stress triaxiality from the true stress curve [15–20]. Whatever consideration is related to
damage modeling and failure prediction of ductile metals cannot be performed unless a
thorough description of the material’s plasticity, extended up to large strains and failures,
is available as a prerequisite. Moreover, the complete characterization of the plasticity of
anisotropic sheets requires additional experimental tests along different directions and
loading conditions (e.g., compression, torsion, shear) [21–23], together with a theoretical
model to describe the material behavior (e.g., Hill [24,25], Cazacu [26,27], Barlat [28,29]).

2. Classical and Innovative Procedures for the Stress–Strain Characterization of Ductile
Sheet Metals

Modern metal alloys try to combine high strength with high ductility in order to
obtain structures as light as possible for the given nominal working loads capable of large
deformations under exceptional loads in order to adsorb as much energy as possible before
failure. High strength is known to anticipate the necking onset, while high ductility means
high failure strains. Therefore, such materials will undergo pronounced necking conditions
over most of their plastic straining life.

For round specimens, the necking phenomenon only affects the conversion of the
true stress into an estimate of the flow stress. Instead, for flat and thin-sheet specimens,
it also affects the whole derivation of the true stress and true strain from experiments.
While the estimate of the post-necking flow curve starting from the experimental true
curve has received great attention in the literature [12,13,15,16], the whole derivation of the
experimental true curve after necking onset, which is the basis to derive any flow curve,
has received less attention despite the fact that, in the case of flat specimens, it may present
significant challenges.

Referring to the smooth specimen with rectangular cross-section shape and nomencla-
ture shown in Figure 1, the true stress and the true strain are defined as the section-averaged
axial stress and the section-averaged axial strain as shown in Equations (1) and (2), where F
is the tensile load and A0 = w0t0 and A = wt are, respectively, the specimen’s cross-section
in the initial undeformed configuration and in the current deformed state.

εtrue = Ln
(

A0

A

)
(1)

σtrue =
F
A

(2)
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For a smooth tensile specimen with a rectangular cross-section, as long as the volume
of the gage length remains a straight parallelepiped, the true curve can be determined
through five different experimental postprocessing approaches that, as explained below,
are coincident with each other and are all nominally accurate only before necking onset and
only for isotropic metals. Considering that many high-strength alloys exhibit early necking
(e.g., at strains below 0.05) and late failure (e.g., at effective neck strains exceeding 0.5),
it is evident that the choice between such methods cannot be arbitrary. Furthermore, the
fact that most sheet metals are intrinsically anisotropic due to the rolling process, further
restricts the possibility of arbitrarily selecting one stress–strain approach over another.

The five approaches used for the derivation of a true curve are reported below in order
of increasing accuracy.

2.1. L-Based (Measurements of the Gage Length)

The most common method used for the determination of the true stress–strain curve
is based on the measurement of the gauge length elongation, called here L-based. With the
hypothesis that the parallelepiped volume of the gauge section remains constant, actually
valid only before necking, it is possible to state that A = A0L0/L, being L0 and L the
original and the current elongated gage length. This equation can be substituted into
Equations (1) and (2), yielding the length-based definitions of strain and stress shown in
Equations (3) and (4).

εtrue−L = Ln
(

L
L0

)
(3)

σtrue−L =
F

A0
· L
L0

(4)

This approach is widely used since the elongation measurements are very easy to
perform. However, the accuracy of the length-based stress–strain curve decays due to the
diffused necking phenomenon as the specimen assumes the hourglass-like shape.

2.2. DIC-Peak (Local Peak Strain from Digital Image Correlation)

Another possible approach considers the local longitudinal peak strain read on the
surface by the DIC instead of the L-based volume-averaged strain, assuming that the former
is better than the latter at providing an estimate of the section-averaged plastic strain.

This approach may occasionally give quite accurate results, but it is formally wrong
because, depending on the aspect ratio of the cross-section and on the hardening properties
of the material at large strains, the peak of axial strain from DIC measurements on the
necked specimen can be either larger or smaller than the neck-averaged axial strain. As a
general indication, thin cross-sections make the DIC peak higher than the effective area-
based true strain, while thicker cross-sections make it lower than the area-based true strain
(Figure 2). It certainly exists an aspect ratio t/w that, for each material, delivers the DIC
peak very close to the effective true strain, but its identification requires knowledge of
the material hardening, which is the target of the whole investigation for which the strain
is necessary.

Within the accuracy limits of assuming that the DIC-peak strain is representative of εtrue,
the true stress and strain can be obtained as in Equations (5) and (6), where A = A0·eεtrue−DIC

delivers the current deformed cross-section of the specimen.

εtrue−DIC ≈ εDIC−Peak (5)

σtrue−DIC ≈ F
A0

·e−εtrue−DIC (6)
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2.3. w-Based (Measurements of the Neck Width)

If the material is isotropic and assuming that the specimen’s cross-section is not af-
fected by any distortion effect, then the “thinning ratio” t/t0 remains approximately equal
to the “shrinking ratio” w/w0 during the entire post-necking phase of the tensile response.
As a consequence of this observation, for isotropic material, from the experimental mea-
surement of the width w, the thickness t is derived as t = (t0/w0)·w. Therefore, the
cross-section can be expressed as A = t·w = (t0/w0)·w2 and Equations (1) and (2) become
Equations (7) and (8).

εtrue−w ≈ 2·Ln
(w0

w

)
(7)

σtrue−w ≈ F
t0
w0
·w2

(8)

This method, called here w-based, is an improvement of the L-based one because, for
isotropic materials, it extends the true curve beyond the necking onset and up to failure,
provided that the neck section remains rectangular up to incipient failure. Unfortunately,
this condition is not always true, as for some materials/specimens, the neck section pro-
gressively distorts and assumes the shape of a quadrilateral with inward-curved edges,
inscribed within the nominally rectangular neck.

It is worth noting that, when the material is rather anisotropic, the accuracy loss of the
w-based curve all over the test is much less pronounced than the underestimation/missing
data of the L-based curve after necking onset.

2.4. Anisotropy L&W-Based (Measurements of Length and Neck Width)

If the material response is anisotropic, then the constancy of the ratio t/w = t0/w0 is
not preserved during the test, and the thickness may either reduce at a lower or greater
rate than the specimen width does (Figure 3 left and right, respectively).

Therefore, t cannot be derived from simple width measurements, and the above w-
based approach is not accurate, before and after necking onset. Under such circumstances,
the L-based procedure still applies only to the pre-necking range (as far as the conservation
of the parallelepiped volume of the specimen still applies), but, to the best of the authors’
knowledge, no better formulation of the true curve is available after necking onset. Then,
a new procedure was proposed in [7] for deriving a true curve extended after necking
onset of anisotropic tensile specimens. Combining the measurements of both L and w, the
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thinning ratio t/t0 can be derived all over the pre-necking strain range thanks to the volume
conservation of a straight parallelepiped specimen volume, according to Equation (9).

t
t0

=
L0·w0

L·w (9)
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than isotropic shrinking ratio.

After necking onset, the specimen quits being a straight parallelepiped. Therefore,
Equation (9) does not apply anymore, and its second member quits delivering any mean-
ingful information about the thinning ratio.

For isotropic materials t/t0 = w/w0 applies and the thinning versus shrinking trend
is a straight 45-degree line. However, for anisotropic materials, the general unknown
relationship between the thinning ratio t/t0 and the shrinking ratio w/w0 must be derived
from pre-necking experimental measurements by relating the outcome of Equation (9) to
the measured evolving ratio w/w0. As better detailed in [7], before necking onset, the
thinning ratio was found to follow very closely a power law of the shrinking ratio according
to Equation (10).

t
t0

=

(
w
w0

)z
(10)

The best-fit exponent of the power law z in Equation (10) can be identified using the
pre-necking experimental data. Moreover, it delivers the Lankford coefficient, as shown in
Equation (11).

εt = Ln
(

t
t0

)
= Ln

[(
w
w0

)z]
= z·Ln

(
w
w0

)
= z·εw → R =

εw

εt
=

1
z

(11)

The outcome of Equation (10), identified by fitting the experimental data before
necking, can then be used to predict the thinning ratio in the post-necking phase and up
to failure. Direct measurements of the thickness after necking onset, either available at
failure by analysis of broken specimens and/or recorded during the test if side-view camera
acquisition is available in addition to the front-view one, can be used to generate valid
post-necking thinning data and then to improve fitting the post-necking trends of Equation
(10), eventually including variabilities within its z exponent, a first new important added
feature proposed here in respect to the methodology presented in [7].

The knowledge of the thickness from Equation (10) all over the test allows for calculat-
ing the “anisotropy-aware” resisting neck area in Equation (12).

AAniso = w·t = w·t0·
(

w
w0

)z
= t0·

wz+1

wz
0

(12)
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This neck section, accounting for independent shrinking/thinning rates due to anisotropy,
can finally be introduced into the usual formulae for the area-based true stress (current
load/area ratio) and true strain (logarithm of initial to current area ratio), so delivering the
true curve approximation #4 Aniso, firstly proposed in [7] and updated in this work with the
variability of z.

2.5. Distortion + Anisotropic (High-Strain Distortion of Anisotropically Shrinking Cross-Section)

This fifth characterization method is the second fundamental improvement proposed
here with respect to the methodology presented in [7]. The true curve of the approximation
#4 Aniso still includes an underlying hypothesis that, for some materials and specimen
proportions, may be just approximate: it is the assumption that the neck section of the
specimen remains rectangular until failure, although changing its proportions due to
anisotropy, and its area can be calculated as the product of width by thickness A = t·w.

Instead, depending on the aspect ratio of the cross-section of each specimen t0/w0,
and on the ductility of each material, diffused and localized necking progressively cause
more or less intense distortions of the cross-section, which then loses its rectangular aspect.
The edges of the cross-section progressively bend inward, so that the cross-section also
takes on its own hourglass-like shape, similarly to what happens to the whole specimen’s
flat surface (see Figure 4).
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Then, the area of the effective resisting neck section becomes progressively smaller
than the nominal rectangular one. As it will be shown in the next sections, the effective
distorted resisting neck section ADist+Aniso may substantially differ from the nominally
rectangular one AAniso calculated as shown in the previous section, simply inferred by
width and thickness values at failure. In order to assess the effect of such distortion over
the material hardening, a distortion coefficient D quantifying the area reduction should be
obtained from experiments, as shown in Equation (13).

D =
ADist+Aniso

AAniso
(13)

Until the necking onset, the cross-section remains undistorted. On the other hand,
the value of the distortion coefficient at failure D f can be calculated from the areas of the
fracture surface measured by image analysis of broken specimens. Then, the evolution
of D between necking onset and failure is estimated here by a simple linear, quadratic,
or generally d-order power law connecting such two starting–ending points as shown in
Equation (14). A quadratic option has been chosen here, as it is the minimum polynomial
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order ensuring the required distortion values at necking onset and failure, together with a
smooth transition from the undistorted strain range to the distorted one at necking onset.

D =

1 be f ore necking onset

1 − (1 − D f )·
(

εTrue−εneck
ε f ail−εneck

)d
a f ter necking onset

(14)

The above function is then used to calculate the net distorted cross-section area be-
tween necking and failure, as shown in Equation (15).

Adist = Aaniso·D (15)

Using Adist in Equations (1) and (2) finally leads to the enhanced approximation #5
Dist + Aniso of the true stresses–true strain curves, firstly proposed in this work. It is
worth underlining that, while the approaches from #1 to #5 are all quite accurate at low
strains, procedure #5 is crucial for achieving accurate true stress–true strain curves at high
deformation levels, where the correct assessment of the plasticity is a crucial prerequisite
for ductile damage modeling and failure prediction.

In Table 1, the five implemented methods are summarized in order to provide a clear
comparison. In the next sections, these techniques are applied to tensile tests on different
steels, and their comparison will deliver useful information about the anisotropic response
of the tested metals.

Table 1. Summary of the methodologies.

n. Methodology Necessary Input True Curve Identification

1 L-based F, L Correct pre-necking also with anisotropic materials,
very inaccurate post-necking.

2 DIC-Peak F, local peak axial strain
from DIC

Correct pre-necking also with anisotropic materials,
unknown inaccuracy of the post-necking.

3 w-based F, w Slightly incorrect pre-necking and post-necking only
in case of anisotropic materials.

4 Anisotropic L&W-based F, L, w, fracture surface ratio Correct pre-necking also with anisotropic materials,
correct post-necking for undistorting cross-sections.

5 Distortion + Anisotropic F, L, w, fracture surface ratio
and distortion

Correct pre-necking and post-necking also with
anisotropic materials and distorted cross-sections.

3. Experiments and Data Acquisition

The experimental campaign conducted in this study consists of quasi-static tensile
tests on smooth specimens made of four different automotive steels: two low-carbon ferritic
mild steels, one cold-rolled (called here CR04) and one hot-rolled (called here HR12), and
two high-strength steels, one martensitic (called here MTC1300T), and one FORTIFORM
1180 ferrite/bainite matrix steel subjected to quenching-partitioning treatment (called here
FORTIFORM).

The CR04 is used for deep-drawn inner layers of doors and hoods; the MTC1300T for
side-impact reinforcing bars in the doors; the HR12 for supporting brackets to attach small
components to the chassis; the FORTIFORM for energy-dissipation components in crashes
(side spars).

Their nominal mechanical properties, referred to as the rolling direction provided by
the manufacturer, are summarized in Table 2, while their chemical compositions are shown
in Table 3.
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Table 2. Nominal mechanical properties of the tested materials provided by the manufacturer.

Grade Yield Stress [MPa] Ultimate Tensile
Strength [MPa]

Elongation at Break
[-]

CR04 161.9 294.9 46%
HR12 236.3 312.8 42%

MTC1300T 1059.6 1372.8 6.6%
FORTIFORM 912.1 1249.6 15.8%

Table 3. Chemical composition of the tested materials.

Mild Steels
C Si Mn P S Ti Cu Al

%max %max %max %max %max %max %max %min

CR04 0.08 0.5 0.5 0.025 0.02 0.3 0.25 0.01
HR12 0.1 0.5 0.5 0.025 0.03 0.3 0.25 0.01

High strength
steels

C Si Mn P S Ti+Nb Cu Al
%max %max %max %max %max %max %max %min

MTC1300T 0.35 2.2 3 0.02 0.025 0.15 0.2 0.01
FORTIFORM 0.26 2.2 2.9 0.04 0.01 0.15 0.2 0.01

All specimens were waterjet-cut along the rolling direction from the above sheet
metals, with the same in-plane geometry shown in Figure 5 and different thicknesses t,
depending on the original sheet thickness (CR04 1.2 mm, HR12 3.5 mm, MTC1300T 1.3 mm,
FORTIFORM 1.6 mm).
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The design of the specimens was first aimed at maintaining the initial width/thickness
ratio w0/t0 of the cross-section below 3 also for thinner sheets. In fact, thin cross-sections
were found to lead to remarkably anticipated specimen failure and to a significant under-
estimation of the material ductility due to pronounced localized necking, which further
limits the fracture strain and complicates the analysis of the material behavior [30]. Ideally,
square cross-section specimens should also be pursued from thin sheets, whereas realistic
flat specimens with a w/t ratio below 3 can also be cut from 1 mm thin sheets to already
provide reasonable insight on the post-necking response of the material and greatly reduce
the intensity of localized necking.

The uniform-section part of the specimen was designed 5 times longer than the width
in order to ensure a good uniaxiality and to avoid disturbance of stress distributions due
to the specimen’s shoulders, even when necking and failure do not initiate exactly on the
midsection of the specimen.

The quasi-static tests have been carried out at a nominal strain rate of 3 × 10−4 s−1

using the experimental setup shown in Figure 6a. The employed hydraulic testing machine
was an Instron 8872 (Instron, Norwood, MA, USA) with a 25 kN load cell. Throughout
the tests, the specimens were monitored using two high-definition cameras positioned to
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capture both frontal (Figure 6b) and lateral (Figure 6c) perspectives. Three repetitions have
been made for each test.
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Figure 6. Experimental setup used for the tests (a) and examples of frontal (b) and lateral (c) acquired
images of a specimen.

The DIC-Peak axial strain, the nominal 6 mm gage length L centered on the neck
section, and the neck width w of all the tests were evaluated from DIC analysis and
pixel count on images of the front-view video. The side-view video was used only with
pixel count without DIC for double-checking the thickness predictions obtained with the
procedure proposed in [7] and further updated here, as it will be discussed ahead. The
resolution of the acquired images ensured that the minimum width at failure was covered
by nearly 120 pixels, so a worst-case uncertainty of 2–3 pixels introduced a measurement
error of w f below 3%. The side-view acquisitions of thickness measurements delivered a
minimum of 20 pixels at failure for the CR04 steel, which was the most ductile material
tested undergoing huge thickness reduction at failure (twice or more of that number of
pixels was found in the thickness of other “normally-thinning” materials, see Figure 7).
However, the pronounced contrast due to no light reflections in the side view allows a
near-sub-pixel estimate for the identification of the profile and a fairly acceptable minimum
accuracy within 5% in the measurement of t f at failure for the very pronounced thinning of
the CR04 steel. Obviously, the measurement accuracy at the earlier necking stages of all
tests (larger widths and thicknesses) is almost twice that at failure.
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and thickness from the lateral one (b) for the tested most ductile material CR04.

The above data were used to derive the true curves #1 to #3 together with the shape-
anisotropy assessments necessary to implement procedure #4 and to obtain the correspond-
ing true curve. Instead, for assessing the neck distortion at failure and then deriving the
true curve #5, the effective resisting area was measured by image analysis of the failed
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specimens, as shown in Figure 8, representative of a failed specimen of each material, all
scaled as indicated in the same figure. The gross rectangular section and its corresponding
distorted counterpart are highlighted in yellow. The fracture surfaces are analyzed to
determine the thickness/width ratio at fracture t f /w f and the distortion coefficient at
fracture D f , calculated as the ratio between the net distorted area at fracture AAniso+Dist f

and the gross quadrilateral area at fracture AAniso f . This analysis solely focuses on these
dimensionless ratios, without considering the absolute values of areas or lengths. The
distorted section at failure was measured from the two halves of each test, for three repeated
tests for each material series.
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4. Application of the Stress–Strain Procedures to Different Metals

The experimental data discussed above were first used to assess the degree of anisotropy
of the materials in terms of shrinking vs. thinning of the tensile specimens, according to the
procedure proposed by the authors in [7].

In Figure 9, the normalized thinning ratio t/t0 calculated by Equation (9) is reported
against the normalized shrinking one w/w0 (diamond-marks pre-neck and dotted line
post-neck), directly measured from experiments. The beginning of the test corresponds
to undeformed cross-sections (t0/t0 = w0/w0 = 1, upper-right point of each curve), and
the plastic straining leads to progressively reducing cross-sections (the curves evolve
backwards from the point of coordinates 1;1). The conservation of the parallelepiped
volume expressed in Equation (9) is only valid in the pre-necking range. Then, these
curves can only be considered physically meaningful from the test beginning up to the
necking onset, roughly corresponding to the points where the experimental trends reach a
minimum, as evidenced by the change from diamond dots to dashed lines.
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The thinning and shrinking data at failure, calculated by measuring t f /w f from the
images of fracture surfaces, are also reported in Figure 9 as isolated triangular points.

The power laws of Equation (10), with their best-fit exponents z determined from the
pre-necking data of each test series, are reported in Figure 9 as continuous curves.

For three of the tested metals (Figure 9a–c), the constant value of z determined from pre-
necking data and expressing the inverse of the Lankford coefficient also delivers reasonable
predictions of thinning vs. shrinking until failure. Instead, for the CR04 mild steel, which
exhibits a much greater thinning than all other metals, the power law of Equation (10)
with the value of z determined before necking clearly misses to describe the trend of the
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thinning after necking onset and up to failure. Then, for the CR04 steel, the variability of the
exponent z of Equation (10) is proposed in this work to enhance the possibility of capturing
the effective thinning–shrinking relationship after necking onset and up to failure.

The formula in Equation (16) delivers z remaining equal to the pre-necking best-fit
value until necking onset. Then, z smoothly changes so that Equation (10) with the varying
exponent complies with the experimental thinning and shrinking at failure, respectively
t f /t0 and w f /w0. The only free coefficient in Equation (16) is the exponent m, for calibrating,
which the experimental evolution of the thickness in CR04 specimens has been measured
from the images of the side-view camera.

z = zneck be f ore necking

z = zneck +
(

z f ail − zneck

)
∗
(

w
w0

− wneck
w0

w f ail
w0

− wneck
w0

)m

a f ter necking
(16)

Figure 10 shows that the power law of Equation (10) with the variable exponent of
Equation (16) efficiently captures the evolving thinning vs. shrinking trend after necking
onset, despite the remarkable trend changes.
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Figure 10. Values of t/t0 against w/w0 from the CR04 tests: values obtained from the experimental
gauge length L and width w evaluated during the tests (light blue diamonds pre-neck and dotted
line post-neck), values obtained from the experimental gauge thickness t and width w evaluated
during the tests (white circles), values obtained from image analysis of fractured specimens (green
triangles), power law model with the constant exponent z (red solid line), and power law model with
the variable exponent z (purple dashed line).

It is worth underlining that before necking initiates, the stress state is uniaxial and
compatible with the whole definition of the Lankford coefficient, which is then delivered
by R = 1/z. After necking onset, the stress state becomes multiaxial, while the Lankford
coefficient is defined under uniaxial stress conditions. Then, the exponent z still correctly
expresses the relationship between thinning and shrinking, but its inverse R = 1/z might
be the result of a mix between material anisotropy and the non-uniaxiality of the stress
state; then, its physical meaning as a material parameter cannot be ensured anymore and
might deserve further investigation.

As the evolution of the thinning–shrinking ratio has been identified, the evolving neck
section AAniso is easily obtained, which accounts for the effective independent thinning
and shrinking rates due to the material anisotropy.
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The distortion ratio optically measured at failure also delivered the D function and,
in turn, the ADist+Aniso estimate of the neck area, also including the effect of section edges
curving inward at high strains. The relevant values for this assessment, averaged over
three identical tests for each metal test series, are reported in Table 4.

Table 4. Relevant data for anisotropy and distortion assessment.

CR04 HR12 MTC1300T FORTIFORM

w f /w0 0.450 0.428 0.810 0.748
t f /t0 0.200 0.448 0.781 0.720

z pre-neck 0.58 1.11 1.25 1.10
R pre-neck 1.72 0.90 0.80 0.91

m 7.3 0 0 0
D f =

ADist+Aniso
AAniso

∣∣∣
f ail

1 0.84 0.84 0.86

The evolving cross-sections, obtained according to procedures #1 (uniform straining,
no-neck), #2 (DIC-Peak based on local data), #3 (isotropic neck), #4 (anisotropic neck), and
#5 (anisotropic and distorting neck), finally delivered the corresponding five estimates
of true curves for each material shown in Figure 11. The curves from all three tests are
reported together for each approximation, also proving the good repeatability of the tests.

Before necking onset, all approaches are almost coincident with each other, including
the #3 w-based one, evidencing that the anisotropy just moderately affects the size of the
resisting area at low plastic strains. After necking onset, the #1 L-based true curves are the
most underestimating ones, as they completely neglect the post-necking behavior, which,
for ductile metals, covers most of the effective plastic strain range.

The true curves #2 DIC-Peak account for anisotropy, but only at a local scale, and are
either overestimating or underestimating the anisotropic cross-section depending on the
specimen thickness. In fact, for the thicker specimens of the HR12 series, the DIC-Peak
true curves lie much below the #4 anisotropy curve, while for the thinner specimens, they
lie above.

Procedure #3 can either overestimate or underestimate the cross-section, depending
on whether the actual thinning of the anisotropic specimen is greater or smaller than that
of the reference isotropic value.

True curves #4 and #5 are ordered in an increasing sequence because accounting for
the distortion can only increase both stress and strain. However, the CR04 steel exhibits a
very thin and, at the same time, very rectangular cross-section at failure, so the distortion
in this series is negligible, and both approximations #4 and #5 for this material are actually
coincident with each other.

Independently of the approximations in the experimental measurements, procedures
#1 to #4 are also intrinsically approximate because, to different extents, they do not account
for the necking, the anisotropy, and/or the distortion phenomena, certainly affecting the
tensile tests. Instead, procedure #5, which is introduced for the first time in this work,
accounts for all the above physical phenomena, and, therefore, the intrinsic approximation
of the Distortion + Anisotropy true curves is just limited to the way the evolving anisotropic
section reduction and its distortion are modeled (the eventual post-necking variability of z
and/or of the distortion function D). Then, procedure #5 true curve is the most accurate,
and it will be taken as a reference in the following.

Figure 11 clearly shows that, depending on the material at hand, the validity of the
L-based approach is limited to just the initial 10% to 30% of the effective material life
(respectively for MTC1300T and CR04 steels). Afterwards, it completely fails to deliver any
information about the hardening.

Depending on the relative thickness of the specimen, the DIC-Peak approach either
overestimates or underestimates the reference true curve Distortion + Anisotropy according
to the strain distribution in the cross-section. The w-based true curve can as well either



Metals 2024, 14, 578 15 of 21

underestimate or overestimate the reference true curve, depending this time on the thinning
rate being greater or smaller than the width reduction rate, i.e., Lankford coefficient R
greater or lower than one. In particular, only CR04 steel exhibits a w-based true curve
that is overestimated compared to the reference one. This demonstrates that it is the
only material at hand exhibiting a Lankford coefficient R being greater than one (or an
exponent z lower than one), as will be shown in the following. Considering all cases, the
stress approximations at failure lie in the range between 10% (FORTIFORM steel) and 25%
(MTC1300T steel).
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(light blue diamonds), w-based isotropic (red circles), Expo anisotropic (yellow triangles), and Expo
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The anisotropy approach, by neglecting the distortion effect, can only underestimate
the reference true curve. Distortion + anisotropy were found, and the approximations ranged
from 0 for the undistorted CR04 steel to a very substantial 45% in terms of strain at fracture
and over 20% in terms of stress at fracture for the very distorted MTC1300T. This last piece
of evidence shows the importance of the proposed methodology related to the distortion of
the necking section first introduced in this work.

The true curves of the CR04 steel are the only ones in Figure 11 exhibiting an apparent
softening trend at late test stages, while all other materials exhibit the expected monotoni-
cally increasing trends up to failure. This distinctive response of the CR04 steel is likely due
to its great ductility and the slowly evolving fracture inside the cross-section, causing the
neck section to continue progressively deforming between the onset of local fracture and
the complete failure of neck section. While the initiated crack gradually spreads from the
neck center toward the outer the neck section, the area calculated by outside visible features
(width, thickness, and distortion) cannot reflect the effective resisting net area accounting
for the spreading inner crack; this leads to underestimating the stress and delivers the
apparent softening shown in Figure 11. In the other materials, fracture propagation within
the neck is faster, and the shape of the completely fractured surface remains very close to
that of the cross-section at the onset of the initial inner crack. Figure 8 confirms the different
evolutions of the fracture surface of CR04 with respect to other materials.

The mean values and corresponding scattering ranges of strains at necking and at
failure are reported in Figure 12 according to the different evaluation procedures. The CR04
and HR12 failure strains from the DIC-Peak methodology are reported but are compromised
by premature DIC decorrelation in some of the tests. Given that before necking there is
neither strain localization nor distortion, all the procedures except the w-based isotropic one
must give the same necking strain estimates. Figure 12a shows very similar results with
all the procedures, including the w-based isotropic one, for all the materials, evidencing
once again that the anisotropy just moderately affects the size of the resisting area at low
plastic strains.
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Figure 12. Mean values and corresponding scattering ranges of strains at necking (a) and at failure
(b) obtained according to the different evaluation procedures discussed for the four analyzed materials.

On the other hand, considering again procedure #5 distortion + anisotropy as the
reference one, the approximation of the L-based approach in the evaluation of the strain at
failure is, respectively, 136% for the CR04, 179% for the HR12 steel, 320% for the MTC1300T
steel, and 188% for the FORTIFORM steel (Figure 12b).
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Finally, the different trends of the Lankford coefficient are compared in Figure 13,
either calculated as the ratio of strains from L and w experimental values (L,w), as the ratio
of strains from DIC (DIC-Peak), or as the inverse of the exponent z related to procedure #4
(Power Law). The distortion affects the area regardless of the width–thickness directionality
and then does not affect anisotropy-related features.
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Figure 13. Lankford coefficient R versus axial strain obtained from the test series of MTC1300T (a),
FORTIFORM (b), HR12 (c), and CR04 (d) with the different approaches: from experimental length and
width (light blue diamonds), DIC-Peak based (yellow squares), power law model with the constant
exponent z (red solid line), and power law model with the variable exponent z (purple dashed line).

As clearly visible in Figure 13, the DIC-Peak estimate of R is rather dispersed and
oscillating because of the nature of local measurements, especially at low strains. It also
reflects the high sensitivity to the choice of the local points of the specimen surface where
data are acquired, sometimes forced by the deterioration of the speckle in the necked zone.
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The section-averaged L,w estimate of R is simply derived from the volume conserva-
tion of the parallelepiped specimen before necking onset, as in Equation (17).

R =
εw

εt
=

Ln( w
w0
)

Ln( t
t0
)
≈

Ln( w
w0
)

Ln
(

L
L0

)
− Ln( w

w0
)

(17)

Its trend is steadier and more repeatable than DIC-Peak data, although it too only
applies before necking onset, as already discussed (see curve lines in Figures 9 and 10).
Indeed, after necking onset, Ln(L/L0) greatly underestimates the local axial strain, thus
the denominator of Equation (17) underestimates εt and the whole Equation (17) overesti-
mates R.

The Power Law estimate of the Lankford coefficient obtained as the inverse of the
best-fit exponent z fitting the thinning vs. shrinking experimental trend before necking
onset is instead a neat constant.

Both the z exponent delivering a fixed value of R and the outcome of Equation (17)
are based on exactly the same experimental measurements, namely L and w, but the “raw”
data in Figures 9 and 10 (width and thickness just normalized by their initial values) are
much less dispersed than the same data just “refined” in Figure 13 after logarithms are
extracted and their ratio is calculated for delivering the classical strain-based evaluation of
R, which also tends to the undetermined form 0/0 at early plastic strains.

In general, all the derivations of the Lankford coefficient before necking onset always
derive from the measurement of longitudinal and transverse displacements over the spec-
imen surface, either between very close facets in the case of DIC local data or between
finite-distance points for the L-w procedure. Then the L-w procedure for deriving R = 1/z,
based on unprocessed thinning and shrinking, is just subjected to the approximations in the
experimental measurements. Instead, the L-w data estimate of R according to Equation (17),
includes the mathematical processing of the experimental measurements, which amplifies
the error and the scattering. The DIC-Peak local approach also refines the experimental
data by transforming displacements into strains and making their ratio, as in the in the
previous case, other than calculating elongations on much smaller gage lengths, which, at
early plastic stages, can deliver greater scattering already in the raw data.

In the case of early-necking materials (Figure 13a,b), the trend of R cannot even
stabilize after the first yield before diverging; therefore, almost no information about the
Lankford coefficient or the anisotropically shrinking cross-section is available by the DIC-
Peak or the L-w strain-based procedures for these metals. In such cases, to derive the
evolving cross-section accounting for its anisotropy, it is essential to rely on either thickness
measurements from a second camera or at least thinning and shrinking values at failure
measured on the fractured surface.

Looking at Figure 13, it is worth noting that only CR04 is characterized by a Lankford
coefficient R greater than one (or exponent z lower than one). The fact that a material ex-
hibits a Lankford coefficient greater or smaller than one depends on several factors, among
which the most important are certainly the crystallographic structure and its orientation
with respect to the principal directions of the specimen, as well as the thermo-mechanical
treatments undergone by the material itself in the rolling process.

No details are available about the crystallographic structure; however, the materials
subjected to high temperatures during their production, namely HR12 and FORTIFORM,
are those with a Lankford coefficient closer to one, indicating nearly isotropic behavior,
consistent with literature evidence [25]. On the other hand, the other two materials, CR04
and MTC1300T, exhibit Lankford coefficients, respectively, higher and lower than one.

Summarizing, as demonstrated in [7] for two metals and further confirmed here for
four more metals, the trend of the thinning vs. shrinking ratio can be fit very efficiently
by power functions whose exponent before necking delivers the Lankford coefficient and
whose trend all over the test delivers the effective cross-section subjected to anisotropic
deformation, evolving also in the post-necking range up to failure. The proposed proce-
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dures improve the plastic characterization whenever the metal ductility is large enough
to cause necking-induced strain localization (nonuniformity of cross-sections). For poorly
ductile metals, tensile specimens almost preserve the uniformity of the cross-section along
the gage length and their overall parallelepiped shape up to failure, so that the procedures
at hand would just deliver duplicates of the length-based true curves.

5. Conclusions

In this work, the authors recalled and further developed the methodology discussed
in a previous paper for the determination of the true curve of anisotropic alloys from tensile
tests on rectangular specimens by using a standard single-camera experimental setup and
fracture surface analysis.

In the pre-necking phase, measuring the gauge elongation and the width contraction,
the specimen’s thickness was derived by imposing the conservation of the parallelepiped
specimen volume.

The resulting thinning parameter t/t0 was related to the shrinking w/w0 and their
trend before necking was proved to follow very closely a power-law trend, whose exponent
z is constant and was demonstrated to express the inverse of the Lankford coefficient.

The thinning and shrinking parameters at failure, measured by image analysis of the
fracture surface, were found to be well aligned with the pre-necking trend identified by the
power law for all materials except the CR04 steel. Then, as a first major improvement in
respect to the previous work [7], a variable-exponent z was adopted in the power law for
modeling the thinning vs. shrinking relationship after the necking onset of materials like the
above metal; the actual anisotropy trend was obtained thanks to the optical measurements
of the thickness from the analysis of the images from a second, side-view camera.

The power law model, with either a constant or variable exponent after necking onset,
was shown to easily deliver the evolving cross-section of the specimen and, in turn, the
true stress–true strain curve, accounting for anisotropic deformations up to failure.

A further important improvement in the procedure for deriving the true curve in
respect to the previous work [7] was provided by assessing the amount of distortion in the
fracture surface with respect to its nominal shape corresponding to thickness and width.
This aspect allowed us to significantly improve the obtained true curve for very distorting
section materials such as MTC1300T and FORTIFORM, with differences for MTC1300T up
to 45% in terms of strain at fracture and over 20% in terms of stress at fracture.

In conclusion, the novel methodology proposed here was demonstrated to deliver
the true stress–strain curves of the materials at hand extended up to fracture, accurately
accounting for the anisotropy and the distortion of their cross-sections.

The proposed procedure delivers true curves with a higher-order accuracy and ex-
tendedup to the effective failure strains based on simple experimental measurements,
only requiring standard experimental equipment. These features make it suitable for the
accurate characterization of anisotropic materials also in industrial environments.

Here the method is applied to specimens cut along a single material direction for
demonstrative purposes, but the application of such a procedure to tests along three
or more material orientations remains necessary to characterize the whole plasticity of
anisotropic materials.
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