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Abstract— In this work the comfortability of dual-phase 

automotive steel DP600 is studied through uniaxial tensile tests 

and V-die bending tests in different directions relative to the 

rolling direction. A microstructural analysis was also carried out 

in each characteristic region of the deformation zone, evidencing 

the changes in the morphology of the microstructure grains. 

Additionally, the plastic anisotropy of the material was studied by 

implementing the constitutive anisotropy models known as Hill-48 

and Barlat-89. The results showed an increase in elastic recovery 

at 45 ° and 90 ° from the rolling direction. This variation can be 

attributed to the morphology of the martensite that created 

preferential location zones within the material during the rolling 

process. The two models Hill-48 and Barlat-89 correctly describe 

the yield surface and the plastic anisotropy obtained in the 

experimental tests carried out. The simulation using the finite 

element method and the Hill-48 model gave satisfactory results in 

the prediction of the elastic recovery as compared to the 

experimental results obtained with the V-die bending test. 

 

Index Terms— Anisotropy, Dual phase steels, Springback, Yield 

criterion  

 

 

Resumen—En este trabajo se estudia la confortabilidad del acero 

automotriz de fase dual DP600 mediante ensayos de tracción 

uniaxial y ensayos de doblado en V en diferentes direcciones 

relativas a la dirección de laminación. También se realizó un 

análisis microestructural en cada región característica de la zona 

de deformación, evidenciando los cambios en la morfología de los 

granos de la microestructura. Adicionalmente, se estudió la 

anisotropía plástica del material implementando los modelos 

constitutivos de anisotropía conocidos como Hill-48 y Barlat-89. 

Los resultados mostraron un aumento de la recuperación elástica 

a 45 ° y 90 ° de la dirección de laminado. Esta variación se puede 

atribuir a la morfología de la martensita que creó zonas 

preferenciales de ubicación dentro del material durante el proceso 

de la laminación. Los dos modelos Hill-48 y Barlat-89 describen de 

manera correcta la superficie de fluencia y la anisotropía plástica 

obtenida en los ensayos experimentales realizados. La simulación 

mediante el método de elementos finitos y el modelo Hill-48 arroja 

resultados satisfactorios en la predicción de la recuperación 

elástica ajustándose a los resultados experimentales obtenidos con 

la prueba de doblado en V. 
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I. INTRODUCTION 

IVEN their high strength and low comparative weight, so-

called advanced high-strength steels (AHSS) and ultra-

high-strength steels (UHSS) are frequently used in the 

automotive industry as a material for various vehicle 

components. Specifically, in the AHSS category, dual-phase 

steels (DP) have been used as material for structural parts of 

vehicles, with the objectives of improving safety in collisions 

and reducing weight, with the consequent reduction in fuel 

consumption and therefore in polluting emissions. The 

manufacture of components with DP steels is generally carried 

out by forming steel sheets. Being then the conformability one 

of its most relevant characteristics. 

 

The microstructure of DP steels is generally characterized by 

having a ferrite matrix with homogeneously distributed 

martensite islands [1]-[3]. The combination of the ductile and 

soft phase of ferrite with the brittle and hard phase of 

martensite, produces an acceptable formability. However, one 

of the main difficulties in forming DP steel sheets is the 

springback or elastic recovery phenomenon. The springback 

effect is the elastic change that occurs in the geometry of the 

component when the respective forming tooling is removed. 

This effect has been explained mainly by the state of stresses 

resulting at the end of the deformation process. Although it is 

possible to try to consider the effect of springback in the design 

phase of the forming process, this effect generally originates 

additional process operations, with associated cost overruns [4]. 

 

Bending is a manufacturing process in which a sheet, generally 

made of metal alloy, is transformed from a flat geometry into a 

geometry with a preset profile. In this process, the sheet is bent 

sequentially, thanks to the force and movement applied by 

brake tooling. The springback or elastic recovery effect is 

quantified as the relationship between the preset angle in the 

design, and the angle obtained in the bent sheet after removing 
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the brake tooling. Several researchers have worked on the 

springback effect and as a result, they have proposed different 

analytical models, or performed systematic experiments, or 

developed models using computational mechanics. The 

variables considered have generally been the final geometry, 

the properties of the material and the parameters of the forming 

process [4]. 

 

To study and experimentally characterize springback in sheet 

metal forming, the most used techniques include U-die bending, 

V-die bending, and cylindrical bending. The main advantage of 

these three methods is that the elastic recovery levels obtained 

can be easily measured. The sensitivity to elastic recovery is 

defined based on the input parameters of relation between the 

tool radius and sheet material thickness (R/t), the mechanical 

properties of the material and the contact parameters. The major 

disadvantage of those experiments is that several of the actual 

conditions of the sheet metal forming process are not 

reproduced [5]-[10]. 

 

The first elastic recovery models were made using the classical 

analytical methods of materials mechanics. The analytical 

solution for a pure bending test, for a perfect elastic-plastic 

material, with a known R/t ratio (radius of curvature / 

thickness), was established by several authors [11][12]. Other 

developments include analysis of bending combined with 

traction, introducing the effects of elastic coefficient, thickness, 

strain hardening, yield limit and Young's modulus [13][14]. 

 

Other authors have used the finite element method (FEM) to 

model the springback, with the intention of determining the 

necessary changes in the geometry of the brake tools, in such a 

way that the piece obtained has the required geometry, after 

completing its elastic recovery. It should be noted that the initial 

results were not very accurate. Precise estimation of springback 

using FEM essentially depends on applying a correct model of 

the material [15]. This need led to new developments, for 

example, the use of the Bauschinger effect and other more 

complex models [16][17]. It should be noted that the more 

precise the FEM models are, the more input parameters are 

needed, so that they can adequately describe the stress state, and 

for this, more complex experimental tests are needed [18]-[25]. 

 

With the aim of contributing to the understanding of springback 

in dual-phase AHSS, in this work a simplified mechanical 

characterization has been carried out, and its conformability has 

been studied. For this, experimental V-die bending tests were 

carried out, and a numerical model was tested, based on the 

Hill-48 and Barlat-89 plasticity models. 

 

II. EXPERIMENTAL PROCEDURE 

 

A DP600 dual phase steel with 3.5 mm thickness was selected 

for this research. Its chemical composition has determined by 

optical emission spectroscopy is shown in Table  I.  

 
 

 

 

TABLE  I.  

CHEMICAL COMPOSITION OF DP STEEL. 

Element C Si Mn S Fe 

Mass % 0.069 0,688 1,216 0,007% Balance 

 

 

Tensile strength tests were used to characterize the mechanical 

properties, according to the ASTM E-8 standard test [26]. The 

specimens were cut using a water jet process, with orientations 

of 0, 45 and 90 degrees with respect to the rolling direction, see 

Fig. 1. The dimensions and photographs of the specimens are 

shown in Fig. 2. 

 

 

 
Fig. 1. Orientation for specimens cutting. 

 

Quasi-static tensile tests were performed in a universal test 

machine, Shimadzu UH-X of 50 tons using a head speed of 0,01 

mm/s. To determine the plastic anisotropy r, it was used the 

standard test ASTM E-517 [27]. Once cut the specimens, 

different measurements of width and thickness were taken, with 

a digital micrometer, to have adequate accuracy in the obtention 

of the plastic anisotropy coefficient. The plastic anisotropy 

coefficient r was determined as the ratio between the width 

strain and the strain in the longitude after the material has been 

deformed, as shown in (1). During the deformation, it is 

assumed that the volume of the specimen remains constant and 

for this reason, the change in thickness can be calculated from 

the change in longitude and width. 

 

𝑟 =
ln(𝑤𝑜/𝑤𝑓)

ln(𝑙𝑓𝑤𝑓/𝑙𝑜𝑤𝑜)
        (1) 

 

Where lo is the original longitude, lf the final longitude, wo 

original width and wf the final width. The test was performed 

with a head speed of 0,001 mm/s, taking pre-deformed 

specimens of 8% following the recommendation by 

Chongthairungruang et al. [7] in the determination of r value in 

low carbon steels. 

 

 



Scientia et Technica Año XXVI, Vol. 26, No. 02, junio de 2021. Universidad Tecnológica de Pereira 139 

 
Fig. 2. Dimensions and photographs of DP steel specimens. 

 

To study the springback, V-die bending tests were performed in 

a bending machine Ermak HAP 2680. The specimens for this 

test were cut in the three directions mentioned above. These 

specimens have a rectangular shape of 100 mm x 20 mm and 

the geometry in the matrix has a bending angle of 85 degrees 

and a radius of curvature of 2.5 mm, see Fig. 3. The springback 

angle (θ) of the specimens was measured on photographs taken 

after the load by using a graphic editor, and verified with a 

protractor Mitutoyo S-187, which has an accuracy of ±5 min. 

 

 
Fig. 3. Photography of V-die bending test. 

 

The springback K in (2) was calculated as the ratio between the 

initial angle (𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙), and the final angle (𝜃𝑓𝑖𝑛𝑎𝑙) in that way 

the conformability of the material can be evaluated. 

 

𝐾 =
𝜃𝑖𝑛𝑖𝑐𝑖𝑎𝑙

𝜃𝑓𝑖𝑛𝑎𝑙
    (2) 

 

In order to evaluate the microstructure of the material, 

metallography specimens were taken both before and after the 

bending process, near the curvature region in different 

directions. The metallographic polish was made with alumina 

following an etching step with Nital 2% for 5 seconds. The 

metallography specimens were observed with a scanning 

electron microscope FEI-Quanta 200 and with an optical 

microscope LECO AI32. 

 

The volumetric fraction of both ferritic and martensitic phases 

was determined according to the standard ASTM E1245 [28]. 

The method applied use photomicrography taken with the optic 

microscope. To determine the percent by volume of the 

martensitic phase, it was used the Image-J software. 

 

The numeric model of the experiment was developed in the 

ANSYS V19 ACADEMIC software [29]. Specifically, the 

APDL mechanic module was used to calculate the springback 

using the angles in the die and in the deformed sheet. Hill-48 

model was used to predict the springback. 

 

III. YIELD MODELS AND CRITERIONS 

 

In pursuance of the analysis of the material, were considered 

both the Hill yield criterion and the Barlat-89 yield criterion. 

 

A. Hill yield criterion 

The Hill yield criterion, also named as Hill-48, is one of the 

most common yield criteria [18]. This criterion (3) is frequently 

used in the modeling of forming processes, and it do not 

consider the material microstructure. Furthermore it is a 

quadratic function where F, G, H, L, M and N are constants that 

describe the anisotropy of the material, x, y, z are the orthogonal 

axis of anisotropy in which the properties have double 

symmetry and thus the xy, zx and yz are the symmetry planes. 

Under plane stress state, the yield quadratic function of Hill-48 

can be written as in (3). 

 

 

2𝑓(𝜎𝑖𝑗) = 𝐹(𝜎𝑦 − 𝜎𝑧)
2 + 𝐺(𝜎𝑧 − 𝜎𝑥)

2 + 𝐻(𝜎𝑥 − 𝜎𝑦)
2

+ 2𝐿𝜏𝑦𝑧
2 + 2𝑀𝜏𝑧𝑥

2 + 2𝑁𝜏𝑥𝑦
2 = 1(3) 

  

The relation between the anisotropy coefficients (r0, r45, y r90) 

and the coefficients F, G, H, and N are showed in (4) to (7). 

𝐹 =
𝑟𝑜

(1 + 𝑟0)𝑟90
(4) 

𝐺 =
1

(1 + 𝑟0)
(5) 

𝐻 =
𝑟𝑜

(1 + 𝑟0)
(6) 

𝑁 =
(1 + 2𝑟45)(𝑟0 + 𝑟90)

2(1 + 𝑟0)𝑟90
(7) 

 

B. Barlat-89 yield criterion 

Barlat-89 yield criterion model is a generalization of the 

Hosford yield criterion [19] by extending it in an 𝑥, 𝑦, 𝑧 

coordinate system and represents the state of plane stress for 

yield surface with (8). 

 

𝑓 = 𝑎|𝐾1 + 𝐾2|
𝑀 + 𝑎|𝐾1 − 𝐾2|

𝑀 + 𝑐|2𝐾2|
𝑀 = 2𝜎𝑒

𝑀(8) 
 

 

In (8), 𝜎𝑒 is the yield strength in a uniaxial tension state. 𝐾1 and 

𝐾2are invariants of the stress tensor while M is an integer 

exponent having the same significance as the exponent 𝑎 used 

by Hosford, see (9) to (12). 

 

𝐾1 =
𝜎11 + ℎ𝜎22

2
, 𝐾2 = √(

𝜎11 + ℎ𝜎22
2

)
2

+ 𝑝2𝜎12
2 (9) 
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𝑎 = 2 − 𝑐 = 2 − 2√
𝑟0

1 + 𝑟0

𝑟90
1 + 𝑟90

 ; (10) 

 

ℎ = √
𝑟0

1 + 𝑟0

1 + 𝑟90
1 + 𝑟90

 ; (11) 

𝑝 =
𝜎𝑒
𝜏𝑠1

(
2

2𝑎 +2𝑀𝑐
)

1
𝑀
(12) 

 

The parameters a and c in (8) and h in (9) are material constants 

that can be determined from uniaxial tensile tests in the 0°, 45° 

and 90° directions. The exponent M is related to the 

crystallographic structure, in this case the value is 6 according 

to several works [20]-[22][25], because the dual phase steels 

have a BBC structure. And the coefficient p must be calculated 

by a numerical procedure or by using (10) to (12). For σ12=0, 

(8) and (9) are practically reduced to the Hosford yield criterion 

in principal stresses. 

IV. RESULTS AND DISCUSSION 

 

Fig. 4 shows the stress-strain curves obtained from the uniaxial 

tensile test, considering the direction respecting the rolling 

direction 0, 45 and 90 degrees. Table 2 shows the variations of 

the yield strength 0.2% in the different directions mentioned 

above. The increase in the yield strength at 45° compared to the 

0° direction agrees to the one reported by Ozturk et al. [20] y 

Sarraf & Green [16] where DP600 steels are studied. Table II 

also shows the plastic anisotropy coefficients R-Values, 

calculated to a deformation of 8%, within the limit range 

between yield and ultimate strength. 

 

 
Fig. 4. Experimental strain-stress curve of DP steel. 

 

 

 

 

 

 

 

 

 

TABLE II 

EXPERIMENTAL YIELD STRENGTH AND  R-VALUE OF DP STEEL. 

Direction 
Yield Strength 

(MPa) 
R-value 

Rolling direction (0°) 597,67 0,855 

Diagonal direction (45°) 610,28 0,864 

Transversal direction (90°) 593.44 0,933 

 

 

Table III shows the measured values of the final angle after the 

bending and the calculated values of the springback. It can be 

observed that the final forming angle is greater at 45° and 90° 

degrees. According to (2), the values of springback must be less 

for 45° and 90° samples at. Haus [21] and Dos Santos [30], 

using the V-die bending test with DP800, TRIP800 and 

HSLA450, also reported lower values of the springback angle 

in the 45° and 90° directions. 

 

 
TABLE III 

SPRINGBACK IN EACH DIRECTION FOR DP STEEL. 

Direction 
Average final 

angle (°) 

Springback 

Rolling direction (0°) 89.20 0.953 

Diagonal direction (45°) 90.23 0.942 

Transversal direction (90°) 90.19 0.942 

 

 

 

Fig. 5 shows the SEM image of the microstructure of DP steel 

without deformation. The grey dark area corresponds to the 

ferritic phase and the lighter regions are martensitic phase, 

which have a uniform appearance with a low percentage of 

volumetric fraction; besides martensitic phase can be seen as a 

net surrounding the ferritic phase. 
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Fig. 5. SEM images of the DP600 Steel microstructure,  
(a) 2000X, (b)5000X, (c) 10.000X. 

 

Fig. 6 shows a representative example of the work carried out 

with the image software to determine the volumetric fraction of 

both phases, obtaining 20% of martensite. 

 

 
Fig. 6. Example of measurement of volumetric fraction of martensite in 

DP600 Steel, (a) optical micrography, (b) optical micrography plus image 

software analysis. 

The images taken with the optical microscope in the deformed 

region (curved zone) in the 0°, 45° and 90° specimens, were 

analyzed after the V-die bending. Fig. 7 indicates the zone 

under compression stress, the zone under tensile stress, the 

neutral axis and the points where the metallography was taken. 

 

 
Fig. 7. Points where the metallography was taken. 
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Fig. 8 shows the metallographies of the 0°, 45° and 90° 

specimens. In all cases, it can be seen that the two phases have 

been plastically deformed, furthermore in the compressive 

zones, the ferritic grains took symmetric shape, and the 

martensitic phase also was deformed to border the ferritic. On 

the other hand, in the tensile zones, the martensitic and the 

ferritic phases were elongated in the direction of the load. In 

Haus [21] and Dos Santos [30], a similar deformation was 

reported for dual phase steels and transformation induced 

plasticity steels TRIP. In the other hand, there were no evidence 

of micro-cracks due to the tensile load. The ductility of the steel 

evidenced in the stress-strain curve (Fig. 4), may explain the 

absence of micro-cracks. 

 

 
Fig. 8. Optical micrographies of DP steels with a V-die bending,  (a) 

compression zone 0°, (b) tensile zone 0°, (c) compression zone 45°,  (d) 
tensile zone 45°, (e) compression zone 90°, (f) Tensile zone 90°. 

 

V. PREDICTION OF YIELD STRENGTH, ANISOTROPY 

COEFFICIENTS AND YIELD SURFACE. 

 
The estimations of the yield strength (σy) under the models of 

Hill-48 and Barlat-89 are shown in the Fig. 9, and they are 

compared with the experimental results of the uniaxial tensile 

tests at 0°, 45° and 90°. The yield functions were calculated 

using (3) and (8), with the anisotropy coefficients obtained by 

the experimental test. The results show that the Hill-48 criterion 

and Barlat-89 criterion are very accurate in the 0° direction, 

giving a relative error of 0,1% in both cases. On the contrary, 

the criterions in the 45° and 90° directions, are less exact, giving 

a relative error of 5,4% for the perpendicular case, and 1,43% 

for the diagonal direction.  

 

 
Fig. 9. Experimental and estimated yield strength considering the rolling 

direction RD. 

 

The estimation of the anisotropy values (rφ) was made with 

Barlat-89 and Hill-48 criterions. Fig. 10 shows a comparison 

with the experimental results. The Hill-48 model has a relative 

error of 0,1% in (rφ) in comparison with the 20% relative error 

obtained with the Barlat-89 model. This can be explained by the 

fact that the Barlat-89 model requires only two parameters of 

plastic anisotropy (r0 and r90) while Hill-48 yield criterion needs 

three parameters in its quadratic equation (r0, r45 and r90). 

Similar results were obtained by Hou et al. [8] and Ozturk et al. 

[20]. It must be mentioned that in these studies are reported 

many results that allow the models to be better adjusted. 

 

 

 
Fig. 10. Experimental and estimated anisotropy coefficient considering the 

rolling direction RD. 

 

Table 4 shows the calculated anisotropic constants F, G, H, and 

N of Hill-48 yield criterion. Table 4 also shows the calculations 

of the constants a, c, h and p in the case of Barlat-89 no-

quadratic function, taking the shear stress as a constant, namely 

σ12 = 0 in a normalized form. 
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TABLE IV 

 CALCULATED ANISOTROPY CONSTANTS FOR HILL-48 AND BARLAT-89 

CRITERIONS. 

Hill-48 

Material  F G H N 

DP600 0,494 0,539 0,461 1,409 

Barlat-89 

Material  a c h p 

DP600 1,706 0,935 0,986 0,950 

 

Fig. 11 shows the yield surfaces calculated with Hill-48 and 

Barlat-89 quadratic models, evidencing some differences in the 

behavior for the analyzed DP material. Hill-48 yield function 

occupies a slightly narrower area than Barlat-89 yield function. 

Also, the Barlat-89 model offers a closer estimation of the yield 

strength as compared with the Hill-48 model. Eggertsen and 

Mattiasson [23] also reported the advantage of Hill-48 in front 

of BBC-2000 and Barlat-89 models. 

 

 
Fig. 11. Estimation of the yield surfaces using Hill-48 and Barlat-89 

criterions. 

 

VI. SIMULATION OF SPRINGBACK IN DP STEEL 

 

In sheet metal working is necessary to plastically deform the 

raw material, for this reason the material properties, especially 

the stress-strain relationship, must be characterized with 

accuracy so it can be used in numerical analysis of the stamping 

process. This relationship was born out of the necessity to 

describe with constitutive models for anisotropic materials, the 

yield surface as a primordial and necessary element in the study 

of a metal sheet. To modeling the sheet working in the DP600 

steel, it was used ANSYS V19 ACADEMIC software [29]. 

Specifically using the modulus mechanical APDL to estimate 

the final shape of the samples after the tool away. Plane 182 

element (4 nodes) was used employing displacements in the UX 

and UY directions. The mesh convergency analysis was carried 

out with an error less than 1% and 1150 nodes. 

 

The model, the boundary conditions and the restrictions for the 

FEM simulation were generated according to the experimental 

setup in the V-die bending process. The input data for the 

simulation were geometric conditions, mechanical properties of 

the DP steel, tools displacements and contacts. Additionally, the 

tool was treated as a rigid body, while the sheet and the matrix 

were treated as a deformable body. The tool moves applying the 

load and then returns to its original position. 

 

Fig. 12 shows the simulation results. Von Mises equivalent 

stress and strain were obtained for the DP steel from initial state 

until tool displacement of 17.4 mm. As expected, the region 

around the radius of the matrix or sheet curvature shown greater 

stress, a critic phenomenon for the springback effect. 

 

 

 
Fig. 12. FEM analysis of the springback, (a) Von Mises equivalent stress, (b) 

Von Mises equivalent strain. 

 

In order to compare the numerical and experimental results 

appropriately, the final geometry after V-die bending process 

and springback was exported and the final angle was measured 

with an image analyzer software, see results in Fig. 13. 
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Fig. 13. Measured springback angles in the FEM model. 

 

The simulation results of springback angle were also 

determined with the Hill-48 yield criterion at the rolling 

direction. This angle value presented a relative error of 5,4% 

compared with the experimental result. This level of error is 

acceptable but higher than other reports. Konzack et al. [24] 

reported that the geometrical parameters influence the 

springback and demonstrated that the Hill-48 model has a 

satisfactory estimation of verticality of walls in a rail bending 

test for DP and TRIP steels.  

 

In future work it is going to be included the cinematic hardening 

as well as plastic and elastic properties when the material is 

loaded-unloaded (Bauschiger effect). These new considerations 

will presumably allow obtaining results closer to the real 

behavior of the material. 

VII. CONCLUSIONS 

A methodology was implemented to evaluate and estimate 

springback in DP600 dual phase steels supported by 

conventional experimental methods and finite element method 

modeling. In light of the results obtained, it can be affirmed that 

the studied steel presented higher springback at 45° and a at 90° 

than at 0° in relation with the rolling direction. This variation 

can be attributed to the morphology of the martensite that 

created preferential location zones within the material during 

the rolling process. 

 

The implemented constitutive models of anisotropy (Hill-48 

and Barlat-89 yield criterions) described in a correct way the 

yield surface and the plastic anisotropy obtained in the 

performed experimental tests. Hill-48 better estimated the 

anisotropy coefficient, while Barlat-89 described more 

accurately the yield surface.  

 

FEM modeling and the Hill-48 model gave correct results in the 

springback prediction as compared with the experimental 

results obtained with the V-die bending test. 
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