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Abstract

This study aims to establish an integrated experimental-numerical framework for characterizing
the deformation behavior of DP590 high-strength steel sheet. The framework combines experimental
uniaxial tensile and Nakajima tests with finite element (FE) simulations to provide a comprehensive
assessment of forming limits and fracture behavior. Forming limit curves (FLCs) and forming limit
stress curves (FLSCs) were determined with the integrated approach and then validated numerically
using the Hill’48 yield criterion together with both Swift and Voce hardening laws. Model calibration
incorporated experimental data on directional mechanical properties to ensure that material anisotropy
was accurately represented. The FE simulations demonstrated strong agreement with the experimental
data across uniaxial, plane-strain, and biaxial loading paths. The Swift hardening law consistently
predicted higher forming limit stresses and more accurate drawing-depth estimates than the Voce law,
particularly under biaxial and plane-strain conditions. The novelty of this work lies in the simultaneous
validation of both strain- and stress-based forming limits, combined with the quantitative prediction
of drawing depths, which has rarely been reported for DP590 grade. The proposed framework improves
the predictive accuracy of forming simulations and provides practical guidelines for material characterization

1. Introduction

The automotive industry is increasingly focusing on optimizing
vehicle materials to meet regulatory standards, competitive demands,
consumer preferences, and financial challenges. To achieve these
objectives, manufacturers strive to reduce material costs while improving
manufacturability, collision energy absorption, and fuel efficiency,
as well as lowering greenhouse gas emissions throughout the vehicle's
lifecycle. High-strength steel (HSS) plays a pivotal role in these efforts,
as its high strength-to-weight ratio enables the production of lighter
and more durable components that enhance fuel efficiency and reduce
emissions, aligning with both environmental and economic goals
[1,2]. However, the forming of HSS presents significant challenges
due to its limited ductility, which increases the risk of cracking and
makes the forming of complex geometries more difficult. Additionally,
its anisotropic properties further complicate stress prediction,
necessitating the use of advanced tools such as Forming Limit Curves
(FLCs) and Forming Limit Stress Curves (FLSCs) to ensure reliable
forming processes and efficient material utilization [3,4]. These tools
allow engineers to optimize forming processes, reduce defects, improve
material usage, and minimize waste—factors that are essential for
efficient and sustainable manufacturing.
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and process optimization in the automotive and related manufacturing industries.

Forming limit curves (FLCs) and forming limit diagrams (FLDs)
are strain-based criteria typically used to describe the onset of localized
necking. In contrast, forming limit stress curves (FLSCs) and forming
limit stress diagrams (FLSDs) are stress-based criteria that provide
a path-independent description of forming limits and are less sensitive
to strain history. Although FLC/FLD approaches are widely used in
industry, the FLSC/FLSD approach offers notable advantages for
simulations involving complex, nonlinear loading paths. In this study,
both approaches are compared to provide a more comprehensive
evaluation of formability of HSS. Integrating strain- and stress-based
forming limits with experimental testing and numerical simulations
further enhances the accuracy of sheet-metal formability assessment.
Common testing methods, such as the Nakajima and Marciniak tests,
are widely used to determine strain limits by examining necking or
failure points under controlled deformation conditions, which is essential
for precise formability evaluation [3,4].

In parallel, studies on dual-phase steels have employed FE simulations
of two-dimensional representative volume elements (RVEs) generated
from real micrograph analyses to model material behavior under
various loading conditions. The flow behavior of individual phases
in DP steels has been described using dislocation theory and local
chemical composition. Predicted stress—strain responses have been
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mostly validated against experimental tensile data. This multiscale
approach enables more realistic simulation of material behavior under
actual forming conditions, thereby improving the predictive capability
of FLCs and FLSCs for dual-phase steels [5]. Moreover, research
on advanced high-strength steels (AHSS) has implemented FEA-
based simulations that incorporate anisotropy and strain-rate sensitivity
to better capture material behavior under different loading paths,
ultimately improving the accuracy of failure predictions in complex
forming scenario.

Finite element analysis (FEA) has been widely used to predict
forming limit curves (FLCs) by simulating material behavior under
varying loading conditions and incorporating properties such as
anisotropy, strain-rate sensitivity, and hardening to accurately model
failure mechanisms [7]. FEA has also been applied with forming limit
diagrams (FLDs) and forming limit stress diagrams (FLSDs) to evaluate
both stress and strain developments of sheet metal under uniaxial and
biaxial deformations, enabling more precise failure predictions [8].
In automotive applications, FEA has been extensively used to analyze
AHSS grades 780, 980, and 1180, focusing on mechanical behavior,
formability, and crash performance. Through combined experimental
testing and simulation, FLCs and FLSCs have been established,
allowing engineers to evaluate key properties such as formability,
springback, and crashworthiness, thereby supporting design and
manufacturing decisions [9]. The influence of nonlinear strain paths
on FLDs has also been investigated using the Marciniak—Kuczynski
(M-K) model with both isotropic and anisotropic hardening laws.
These studies have shown that loading paths significantly influence
material formability [10]. Nonlinear strain-path effects observed in
Nakajima tests further highlight the need for advanced constitutive
models to improve prediction accuracy [11]. Accurate material modeling
is essential for assessing formability and predicting failure using FLCs
and FLSCs under diverse forming conditions. Models such as the
Marciniak—Kuczynski (M—K), Hill’48, Barlat89, and Barlat2000,
together with hardening laws such as Swift and Voce, have been widely
used to predict localized necking in sheet metals, providing valuable
information for determining FLCs and FLSCs [12-17].

The establishment of a constitutive model for high-strength steels
(HSS) requires a comprehensive evaluation of material properties as
well as the associated computational complexity. Previous studies have
summarized the key considerations for constructing HSS constitutive
models and analyzed their application in practical research and
development [18]. Extensive research has also focused on developing
and refining forming limit curves (FLCs) and forming limit stress
curves (FLSCs) for high-strength steels. For example, Panich ef al.
(2017) experimentally developed strain-based fracture forming limit
curves for advanced high-strength steel grade 980 using Nakajima
stretch-forming tests and tensile tests under shear deformation [3].
Similarly, Huang and Shi (2018) employed experimental and empirical
approaches to predict FLCs for high-strength steels [6]. Panich et al.
(2021) demonstrated that analyses based on FLCs and FLSCs enhance
forming accuracy, reduce defects, improve product quality, and optimize
manufacturing processes for high-strength steel applications [19].
Bornancin et al. (2023) further confirmed the importance of FLC and
FLSC studies in improving forming-process precision, reducing defects,
and optimizing industrial production techniques [7]. More recent
developments include the work of Béres ef al. (2023), who introduced
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a novel forming limit diagram that highlights wrinkling behavior and
the influence of normal pressure on clamped surfaces. Their study
employed finite element modeling to assess wrinkling in steel sheets
under compressive and circumferential stresses [20]. Zhang et al. (2024)
proposed a dual-stage forming limit curve method for fiber metal
laminates (FMLs), effectively preventing wrinkling and delamination
and improving progressive damage predictions under complex strain
paths [21]. Zhang et al. (2024) developed a comprehensive forming-
limit framework incorporating localization, ductile fracture, and
cleavage fracture mechanisms in AHSS, demonstrating how these
failure modes interact under different stress states to improve formability
predictions in complex loading scenarios [22]. In addition, Tao Huang
etal. (2019) applied the GTN model to predict the forming limit
stress diagram (FLSD) of TA1 titanium sheets. Using finite element
inverse calibration and hemispherical punch stretching tests, the study
established GTN parameters for accurate FLSD prediction [23].
Hongjian Cui et al. (2023) investigated FLSD development for high-
strength dual-phase steels using stress-based fracture criteria, with
Nakajima test data and FE simulations confirming improved accuracy
in formability prediction under complex strain states [24]. Overall,
research on FLCs and FLSCs provides significant industrial benefits
by enabling precise determination of forming limits, reducing defects,
improving product quality, and enhancing production efficiency.
These tools also minimize material waste and support the development
of new materials and forming technologies—benefits that are particularly
valuable to the automotive and aerospace sectors.

Although the FLCs and FLSCs have been widely investigated for
high-strength steels, most previous studies have focused on higher
grades such as DP780 or DP980 and have often relied exclusively on
strain-based criteria or a single hardening law. Systematic investigations
that combine both strain-based and stress-based forming limits with
FE simulations for DP590 grade remain scarce, despite its increasing
use as a thin-gauge structural material in the automotive sector.

To address this gap, the present study establishes an integrated
experimental-numerical framework for characterizing the deformation
behavior of DP590 grade high-strength steel. Uniaxial tensile tests and
Nakajima experiments were performed to determine forming limits,
which were subsequently validated using FE simulations based on the
Hill’48 yield criterion. Two representative hardening laws—Swift and
Voce—were systematically compared. The novelty of this work lies
in the simultaneous validation of strain- and stress-based forming
limits across uniaxial, plane-strain, and biaxial loading paths, together
with the quantitative evaluation of drawing-depth predictions of formed
samples. This comprehensive approach provides new insights into
the role of anisotropy and hardening behavior in the formability of
DP590 steel and offers practical guidelines for selecting constitutive
models to enhance the predictive accuracy of industrial forming
simulations.

2. Materials models

2.1 Hill’48 yield criterion.

The Hill’48 anisotropic yield criterion [13] is formulated using
a quadratic function to describe the yield behavior along the principal
material axes, which typically correspond to the rolling, transverse,
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and normal directions of a sheet metal sample. This criterion provides
a framework for assessing material anisotropy in metal-forming
processes by incorporating directional dependencies in the yield stress,
as shown in Equation (1).

OHill =JFO-%X + GO-%X +H(o-xx — Oyy )2 + 2N0—§y [1]

where F, G, H, and N are the parameters representing the current
state of anisotropic yielding behavior of material, oxx and oyy are the
principal stresses (oxx = o1 and ayy = 02), and oxy is the shear stress
component considered in the analysis. As reported by Stoughton [25],
these material parameters of the Hill'48 function can be expressed
in terms of the tensile and shear yield stresses associated with the
principal anisotropic directions. Therefore, the relationships between
the strain ratio («) and stress ratio (p), as well as the stress ratio
parameter considering anisotropic characteristics, were derived from
the Hill'48 yield function, as shown in Equation (2) and Equation (3),

respectively.
_ (F+H)a-H
Puil T G H - Ha (2]
Gun = "0 V(G + H) + (F+ H)a> — 2Ho [3]

The Hill’48 yield criterion is widely used to describe anisotropic
yielding behavior in sheet metals. Its material parameters are determined
from experimental data and are strongly influenced by the plastic
anisotropy of the material.

The r-values, also known as the Lankford coefficient, is defined
as the ratio of true width strain to true thickness strain, as given in
Equation (4), which can be obtained from uniaxial tensile tests.

r=2 [4]

&t

obtained from uniaxial tensile tests. In this study, r-values were
measured in three directions relative to the rolling direction of the sheet
metal: 7o (parallel to rolling direction, RD), rss (diagonal direction,
DD), and r (transverse direction, TD). These r-values characterize the
material’s anisotropy and are essential for understanding its directional
yield behavior.

The relationships between these r-values and Hill’s parameters
(F, G, H, and N) were derived using the associative flow rule, as given
in Equation (5). This calibration ensures that the yield function correctly
represents the directional dependence of plastic deformation for
DP590 steel.

ro 1 ro

roo(1 +79)” 1+ry’ T+r

(ro + 790) - (1 +2r45)
dN=—"F—"—"""=""15
an 2r90'(1 +79) [ ]

2.2 Hardening laws

2.2.1 Swift hardening law

The flow curve obtained from the tensile test was fitted using the
Swift hardening law [16], as shown in Figure 2, and compared with

the results from the tensile test in the RD direction. The material’s flow
behavior during plastic deformation is mathematically described by
the Swift hardening model, as given in Equation (6).

5= K@ +,)" [6]

Here, 5 and €, represent the equivalent stress and equivalent plastic
strain, respectively. The other three parameters, K, n, and &, denote
the strength coefficient, strain hardening exponent, and equivalent elastic
strain, respectively. All material constants were determined through the
curve-fitting process. The flow curve obtained from the sheet deformation
under uniaxial tension in the RD direction, as shown in Figure 2, was used
to describe the strain hardening behavior of the studied DP590 steel.

2.2.2 Voce hardening law

The Voce hardening law [17] is a constitutive model used to
describe the hardening behavior of materials, particularly metals,
during plastic deformation. The Voce law captures the gradual saturation
of stress as the material deforms plastically. This is particularly
important for materials that do not exhibit a simple linear hardening
behavior. The model provides a smooth transition from the initial
yield stress to the saturation stress, making it useful for modeling
continuous hardening processes, as given in Equation (7).

o=(g,) = 0o+ (0, — ap)[1 — exp (— ks, )| [7]

o is the stress as a function of plastic strain &p. oo is the initial yield
stress. os is the saturation stress, representing the maximum stress
achievable at large strains. k is the material constant that controls
the rate at which the stress approaches the saturation stress. ¢ is the
plastic strain.

3. Materials characterization

3.1 Tensile test and anisotropic parameters

Uniaxial tensile tests were performed to determine the anisotropic
plastic behavior of DP590 steel sheets with a thickness of 1 mm.
The specimens were prepared in accordance with DIN EN 10002-1
standards using a gauge length of 50 mm and tested at a constant
crosshead speed of 0.01 mm-s™!, corresponding to an engineering
strain rate of approximately 0.0002 s!. To evaluate directional
dependence, the specimens were cut and tested in three orientations:
rolling direction (RD), diagonal direction (DD), and transverse direction
(TD). Figure 1 presents the true stress—strain curves obtained from
the three orientations, demonstrating anisotropic mechanical responses.
The RD specimens had the highest yield strength, ultimate tensile
strength, and elongation of all the directions tested. This means that
they were better able to resist deformation along the rolling direction.
Mechanical properties, including elastic modulus (£), 0.2% offset
yield strength (YS), ultimate tensile strength (UTS), uniform elongation,
total elongation, and plastic strain ratio (7-values), were calculated from
three repeated tests in each direction. These results, reported as mean
+ standard deviation (SD), are summarized in Table 1.
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Table 1. Tensile properties of high-strength steel sheets of DP590 grade.

Direction E YS (0.2% offset) UTS % Elongation E r-value
[GPa] [MPa] [MPa] Uniform Total

RD-1 154.31 466.83 634.28 13.98 26.13 1.01

RD-2 152.27 464.28 628.45 14.19 25.11 0.99

RD-3 151.72 455.72 631.36 14.07 24.01 0.96

Mean + SD 152.10 £ 1.29 462.28 +£5.84 631.36 +2.90 14.08 £0.11 25.08 +0.86 0.99 +0.02

DD-1 155.35 454.92 632.15 14.5 24.27 1.14

DD -2 150.51 437.72 626.86 13.04 2391 1.14

DD -3 152.77 447.82 630.56 14.54 23.77 1.12

Mean + SD 152.88 £2.42 446.82 £ 8.67 629.86 +2.82 14.03 £ 0.86 23.98 +0.26 1.13+0.01

TD-1 158.82 417.17 633.88 13.79 23.98 0.9

TD -2 164.62 411.51 627.48 13.94 24.03 0.89

TD -3 161.7 411.34 628.55 13.93 24.05 0.94

Mean + SD 161.71 £2.90 413.34+£3.33 629.97 +3.48 13.93 £0.07 24.02 +0.03 0.91 +£0.03

631.36 629.86 629.97
+2.90 +2.82 +348

E (GPa)
600 YS (MPa)
BE UTS (MPa)
462.28
+5.84

500

400

Value

300

200, 15210
£129

7

//

RD DD TD

-

Figure 1. Tensile properties (£, YS, UTS) of the high-strength steel sheet of
DP590 grade, presented as mean =+ standard deviation for the RD, DD, and
TD directions.
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Figure 2. Flow stress curves obtained experimentally from tensile tests and
extrapolated using the Swift and Voce hardening laws.

To determine the anisotropic material parameters in the Hill'48
yield criterion, yield stresses and 7-values obtained from various loading
conditions were used. These parameters provide essential insights into
the material’s directional behavior under stress, enabling accurate
modeling of anisotropy. Specifically, in the Hill'48 model, all parameters
were determined using Equation (1), based on the r-values derived
from tensile tests conducted in various orientations relative to the
sheet's rolling direction. These r-values reflect the material's resistance
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to thinning and its ability to undergo plastic deformation in different
directions. Table 2 presents the calculated anisotropic coefficients of
the Hill'48 function for the examined HSS sheet, indicating how the
material's yield stresses vary along different axes. These coefficients
enable precise modeling of anisotropic yielding, essential for applications
that require accurate predictions of material behavior under complex
loading conditions. By incorporating both the yield stresses and r-values,
the Hill'48 model provides a more detailed and reliable representation
of the HSS sheet’ s anisotropic characteristics, thereby enhancing the
accuracy of formability analyses and structural simulations. In this
study, the flow curve obtained from uniaxial tension tests in the RD,
as shown in Figure 2, was used to characterize the strain hardening
behavior of the investigated steel. This curve serves as the basis for
understanding how the material hardens under strain, with further
details provided in Table 3-4.

3.2 Nakajima forming tests

In the Erichsen test setup, a 100 mm diameter semi-circular dome-
shaped punch, as illustrated in Figure 3, was utilized to analyze the
metal forming process. As shown in Figure 4, the setup employed
a lock bed to control and halt the flow of metal, ensuring a precise
forming process. The punch applied a maximum force of 400 kN,
representing a high-stress condition suitable for testing the material's
formability. Additionally, a blank holder with a maximum force of
200 kN was employed to secure the metal sheet in place, minimizing
any movement that could interfere with the forming process. This
combination of forces created a controlled environment to observe
the material's behavior as it formed into a semi- circular dome, as
illustrated in Figure 5.

Table 2. Anisotropic coefficients of the Hill’48 model based on the r-values
for the investigated high-strength steel.

F G H N
0.55 0.50 0.50 1.71

Table 3. Material constants of the Swift hardening.

K & n
963.46 0.01 0.15
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Table 4. Material constants of the Voce hardening.

() [ k

478.18 280.86 16.05

Table 5. Dimensions of the specimens used in Nakajima tests.

Nakajima specimen Samples No. W [mm]
1 20
2 50
3 80
/1\ AR 90
RO 5 100
! \ TAF 6 130
7’ N d 7 140
L 8 160
9 190
Figure 3. Erichsen testing machine.
- 203.5 -
r 105.5 -
R6.5 die
— Il \\.‘
punch 1 pank
- holder
\— 100 J |
e 1325 -

Figure 4. Dimensions and setup of the semi-circular dome used in the Erichsen test.

Figure 5. Fractured samples after the Nakajima tests.

Width= 20 mm Width= 100 mm Width= 190 mm

Uniaxial Plane Strain iaxial

Figure 6. Major engineering strains measured by DIC at the fracture states.

The Nakajima tests were conducted using a 100 mm diameter
dome, in accordance with the standard Nakajima test procedure. The
dimensions of the samples used in the tests, prepared following the
ASTM E 2218-02 standard, are depicted in Table 5. Each of the nine
sheet specimens had a length of 190 mm, with widths ranging from
20 mm to 190 mm, resulting in nine different strain paths on each
specimen. To detect surface strain, the entire surface of each blank
was uniformly electrochemically etched with a 3-mm grid.

The tests were carried out under a constant blank holder force and
a forming speed of 10 mm-min™' until fracture occurred. To minimize
friction between tool and sheet metal, SAE40 lubricant oil was applied
consistently prior to each test. Occasional off-center fractures were
attributed to minor local variations in lubrication distribution, which
did not significantly affect the repeatability of the forming limit
measurements. All specimens reached fracture after the punch formed
a dome with a 100 mm diameter, marking the onset of failure for each
case. These samples formed part of the Nakajima test series, designed
to evaluate formability limits under stretching conditions.

Figure 5 presents the experimental fracture patterns observed in
the Nakajima tests under different strain paths. Under uniaxial tension,
the specimens exhibited a typical cup-and-cone fracture morphology,
indicating localized necking followed by ductile shear failure. In plane
strain conditions, fractures were predominantly defined by pronounced
shear bands and minimal thinning, indicating the material's constrained
ability to redistribute strain. In biaxial loading, diffuse necking and
equiaxial thinning were observed prior to fracture, which is consistent
with stress triaxiality-driven damage mechanisms. These observations
highlight the influence of loading paths on failure behavior and provide
essential physical evidence supporting the experimentally determined
forming limit curves (FLCs) and forming limit stress curves (FLSCs).
The local strain distributions on the deformed samples were then
measured using a digital image correlation (DIC) strain measurement
system. The DIC system measured the major and minor engineering
strains at the fracture state, as shown in Figure 6 [4,8,26]. Based on
these results, the achievable strains at the onset of fracture for each
specimen were identified, with the fracture and necking zones near
the crack path distinguished.

4. Determination of FLCs and FLSCs

The fractured specimens after stretching are displayed in Figure 5,
which illustrates the formation process of necks and cracks. In these
tests, a deformed grid circle was applied, carefully designed to account
for material strains. This grid provides a visual reference for analyzing
the material’s strain distribution during deformation [4,8,26]. During
analysis, it is essential to select deformed grid areas that are unaffected
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by cracks, ensuring accurate strain measurements without interference
from fracture patterns. Testing of high-strength steel sheets grade 590
revealed that cracks predominantly formed near the top of the dome,
suggesting a concentration of strain in this area under applied stress.
Strain measurements were taken at points of localized necking and
fracture to develop FLCs. Specifically, nine localized necking strain
values from different specimens were recorded to represent critical
strain levels that indicate the material's limits before failure. In these
Nakajima tests, strain data were obtained by measuring the major and
minor strains, enabling precise plotting of the forming limit curve.
Figure 7(a) displays the resulting FLCs, which outline the deformation
limits of high-strength steel sheets and provide a critical reference
for the forming behavior of grade 590 steel under stretch conditions.
This information is crucial for optimizing forming processes, as it
highlights the material’ s threshold for ductility and resistance to fracture,
aiding in the prevention of material failure in practical applications.

FE simulations were conducted in Dynaform software to replicate
the sheet metal forming process. The experimental forming setup utilized
a 100 mm diameter hemispherical punch. The die, punch, and binder,
as shown in Figure 4, and the blank sample (as described in Table 5),
along with the boundary conditions, were defined in the simulations
to match the experimental setup. The blank was meshed using shell
elements, while all other components were modeled as rigid bodies.
The square shell element with a size of 2 mm x 2 mm was defined.
The type 2 (Belytschko-Tsay) element formulation with a single
integration point through the thickness was adopted. Additionally,
the anisotropic material models, namely Hill’48, using both the Swift
and Voce hardening laws was applied along with the different obtained
parameter sets in Tables 1-4. A friction coefficient of i = 0.125 was
selected based on calibration with experimental dome heights, ensuring
consistency between experimental and numerical forming behavior.
The punch velocity was set to 10 mm-min".

From FE results of Nakajima forming tests, the critical major and
minor stress values at the fracture states of each sample were gathered
to plot the FLSCs, are presented in Figure 7(b). These simulations
utilized the Hill’48 yield criterion along with both the Swift and Voce
hardening models [13,16,17]. The analysis revealed that the Swift
hardening model yielded slightly higher FLSCs compared to the Voce
hardening model. This difference is due to the distinct hardening
behaviors of the two models. The Swift hardening model predicts
amore rapid increase in material strength during deformation, resulting

@ [~ -
Uniaxial :
& = —282
“ 0.5 o
Plane Strain Biaxial S
3 & = 0 & =&
& 9 7
£
»n
—
S
=3
=
—-FLCs_Exp.
\
-0.3 -0.2 -0.1 0 0.1 0.2 03

Minor Strain (-)

Figure 7. Determined (a) FLC, and (b) FLSCs of the investigated steel.
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in a higher stress-bearing capacity. In contrast, Voce hardening describes
amore gradual increase in strength, leading to lower forming limit
stresses under similar conditions. The selection of a hardening model
significantly influences metal forming analysis, as it affects the predictions
of the material's stress tolerance and strain limits during processing.

5. Verification

Figure 8 shows the verification of the determined FLC for the
high-strength steel sheets grade DP590 by comparing experimental
results regarding strain paths obtained from the Nakajima tests. The
strain path plots of major and minor strains, representing various
loading modes, including uniaxial, plane strain, and biaxial regions.
The resulting strain paths showed the material’s responses under
different stress state conditions. The color scale indicates equivalent
strain values, highlighting areas of higher strain concentrations,
particularly under the biaxial condition. The verification results
indicated that the Swift hardening consistently predicted higher
forming limit stresses than the Voce model, especially under the
plane strain and biaxial states [29,30]. This comparison shows that
the models predicted different material behaviors under the examined
forming conditions.

The differences observed between the Swift and Voce hardening
models can be physically interpreted in terms of strain hardening
behavior and anisotropy effects. The Swift model, with its continuously
increasing strain hardening capacity, tends to delay the onset of localized
necking, thereby predicting higher forming limits and drawing depths,
particularly under plane strain and biaxial loading. The Voce model,
on the other hand, saturates more quickly, which means that strain
hardening is limited and formation limit predictions are lower. This
explains why the deviations between the two models become more
pronounced in multiaxial stress states, where the ability to accommodate
additional strain before instability is crucial. Furthermore, experimental
observations confirm that the anisotropy of DP590, as characterized
by the r-values, strongly influences strain localization patterns. Higher
r-values in certain directions enhance resistance to thinning, whereas
lower r-values promote earlier localization, consistent with the
differences captured in the FE simulations. These findings provide
amechanistic link between the constitutive description of hardening
and the experimentally observed fracture behavior, thereby reinforcing
the validity of the integrated experimental-numerical approach.

(b) 900
800

700 | __e b ~ 1
600 T
500 |
400 |
300 |

Major Stress (MPa)

A Swift
200
® Voce

100 |

0 . . . . . . .
0 100 200 300 400 500 600 700 800

Minor Stress (MPa)
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Figure 8. Verification of the determined FLC of high-strength steel sheets
grade DP590 using various strain paths obtained from the Nakajima tests.
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Figure 9. Verification of the determined FLSCs of high-strength steel sheets
grade DP590 using various stress paths obtained from the Nakajima tests.
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Figure 10. Comparison between experimentally determined and predicted
drawing depths under uniaxial, plane strain, and biaxial samples at fracture
for the investigated high-strength steel.

Figure 9 illustrates the verification of the determined FLSCs
for the high-strength steel sheets of DP590 grade, comparing them
with stress paths obtained from Nakajima tests. The graph displays the
relationship between major and minor stresses, indicating the material's
response under various stress conditions. This analysis is essential
for understanding the stress limits within which the material can be
safely formed without failure. The hardening models, Swift and Voce,
were used to predict forming limit stresses under different loading
conditions: uniaxial, plane strain, and biaxial. The Swift and Voce
hardening models set the limits for the material's FLSCs. The results
suggest that the Swift model generally predicted higher forming limit
stresses than the Voce model, especially under plane strain and biaxial
conditions, which aligns with earlier observations by the strain-based

forming limits. This verification demonstrates the accuracy of these
models in predicting the forming limit stresses for DP590 grade high-
strength steel, providing valuable insights into the material's behavior
under multi-axial loading and its potential for formability in industrial
applications.

The experimental and numerical results under uniaxial, plane
strain, and biaxial loading conditions, as illustrated in Figure 10,
highlight the impact of the selected hardening law on the predicted
drawing depths. Finite element (FE) simulations based on the Hill’48
yield criterion, in conjunction with the Swift and Voce hardening models,
were systematically validated against experimental measurements
[13,16,17]. Under the uniaxial condition, the Swift and Voce models
predicted drawing depths of 32.71 mm and 31.91 mm, respectively,
compared to the experimental depth of 32.78 mm, corresponding to
relative deviations of —0.21% and —2.65%. Under plane strain loading,
the predicted values were 29.26 mm (Swift) and 28.94 mm (Voce),
while the experimental measurement was 30.23 mm, resulting in
relative errors of —3.21% and —4.27%, respectively. Under the biaxial
condition, the Swift model predicted 39.96 mm, while the Voce model
predicted 39.78 mm, compared to the experimental value of 40.98 mm,
yielding associated errors of —2.49% and —2.93%, respectively. These
findings demonstrate that the Swift model provides superior predictive
capability, exhibiting smaller deviations from experimental data across
all deformation modes, particularly under complex biaxial loading
conditions [31]. The analysis emphasizes the critical role of hardening
law selection in accurately modeling the forming behavior and fracture
mechanisms of high-strength steel sheets. Incorporating an appropriate
hardening representation is therefore essential for improving the
predictive accuracy and reliability of FE-based forming simulations
involving multi-axial stress states.

It should be emphasized that three independent sets of tensile
and Nakajima experiments were performed to validate the repeatability
of the forming limit measurements. Across these repetitions, the
comparative behavior of the Swift and Voce hardening laws was
consistently reproduced, confirming that the observed differences
are systematic rather than experimental artifacts. Although the present
study was limited to a single sheet thickness, the availability of multiple
comparative datasets strengthens the reliability of the conclusion
that the Swift hardening law provides superior predictive accuracy,
particularly under plane strain and biaxial loading paths. This consistency
across experiments enhances confidence in the general applicability
of the proposed framework for modeling the forming behavior of
high-strength steels.

Although the present study focused exclusively on DP590 steel with
a thickness of 1 mm, this limitation reflects the availability of materials
and the defined scope of the experimental program. Nevertheless, the
integrated framework developed here, combining the experimental
forming limit characterization with FE simulations based on the
Hill’48 yield criterion and two representative hardening laws remain
broadly applicable to other advanced high-strength steel grades and
thicknesses. Future research will extend this methodology to additional
grades (e.g., DP780, DP980) and multiple thicknesses to enhance its
generality and establish a more comprehensive database for industrial
forming simulations.

To further highlight the novelty of this study, it is important
to differentiate the present findings from previous works. Earlier
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investigations on AHSS, particularly DP780 and DP980, have primarily
focused on strain-based forming limit curves or employed a single
hardening law in finite element simulations [19,22,24]. While these
studies established useful forming limits, they did not systematically
integrate strain- and stress-based approaches nor assess the predictive
capability of multiple hardening models. In contrast, the present
study integrates experimental FLCs and FLSCs of DP590 with FE
simulations based on the Hill’48 yield criterion, incorporating both
Swift and Voce hardening laws. This comprehensive framework
enables simultaneous validation of forming limits under different
loading paths and quantitative assessment of drawing depth predictions.
Such comparisons have rarely been reported for the DP590 grade,
making the present work distinct in scope and directly relevant to
industrial applications, particularly in the automotive sector, where
thin-gauge AHSS is increasingly utilized.

The industrial significance of this work lies in its direct applicability
to real forming operations. Automotive stamping processes frequently
involve multiaxial loading conditions and nonlinear strain paths,
where the choice of hardening law has a critical influence on the
accuracy of forming limit predictions. The demonstrated superiority
of the Swift hardening model in reproducing experimental observations
provides practical guidance for engineers seeking to improve simulation
fidelity. Consequently, the proposed framework can support the design
and optimization of forming processes for DP590 components, such as
door reinforcements, cross-members, and crash-relevant structural
parts, where accurate prediction of failure risk is essential for ensuring
both safety and manufacturing efficiency.

6. Conclusions

This research employed both experimental and numerical approaches
to investigate the forming behavior of high-strength steel sheets grade
DP590. The FLCs and FLSCs were determined using the Nakajima and
uniaxial tensile tests and subsequently validated through FE simulations
based on the Hill’48 yield criterion with two hardening Swift and Voce
models.

In the experimental phase, uniaxial tensile and Nakajima tests
were conducted to capture the material’s response under various strain
paths, providing valuable information on the formability and fracture
behavior of the steel sheets.

In the numerical phase, FE simulations were performed to predict
FLCs and FLSCs, accounting for anisotropy and strain hardening
to replicate real deformation behavior. The simulation results closely
matched the experimental data, confirming the reliability of the
computational models.

The Swift hardening model consistently predicted higher forming
limit stresses and more accurate drawing depths than the Voce model,
particularly under biaxial and plane strain conditions, demonstrating
its suitability for simulating complex forming processes.

Although this study was limited to DP590 steel grade with the
thickness of 1 mm, the integrated methodology is transferable to other
high-strength steels and thicknesses. Future work will extend the
framework to additional grades (e.g., DP780, DP980) and different
thicknesses to enhance its generality and establish a broader database
for industrial applications.

J. Met. Mater. Miner. 36(2). 2026

It should be noted that the mechanical property parameters derived
in this study are strictly representative of the 1 mm thickness. While
uniaxial tensile and Nakajima tests provided sufficient data for
calibrating constitutive models and validating forming limits of the
investigated sheet, the transferability of these parameters to other
thicknesses of DP590 cannot be assumed. Thickness variations often
influence microstructural constraints, strain hardening behavior, and
fracture mechanisms. Therefore, the present results should be regarded
as a reliable benchmark for the 1 mm sheet, while the proposed integrated
framework can be readily extended to other thicknesses in future work
to establish a more comprehensive material database.

It should be noted that fracture was not modeled using GTN-type
criteria in this work. Instead, forming limits were determined based on
localized necking observed in the Nakajima tests, with FE simulations
serving to validate these experimentally derived limits.

By integrating experimental and numerical methods, this study
provides a comprehensive and reliable framework for evaluating
the formability of high-strength steels. The proposed methodology
enhances the predictive accuracy of FE simulations and supports
material selection and process optimization in the automotive and
aerospace industries. Moreover, it can be extended to other material
systems and forming conditions, making it a valuable tool for engineers
and researchers involved in formability assessment and virtual process
design.
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