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Abstract – This study focus on the stress triaxiality under shear failure of advanced high-strength dual-phase steel. 

Stress triaxiality, as a parameter to characterize the stress state of a material, is a key factor in controlling the fracture 

mode of a material, so it is used in many material failure models. Firstly, the tensile test of tensile specimens and shear 

specimens of advanced high-strength dual-phase steel was carried out by static tensile test. The relevant mechanical 

parameters of the sheet material can be obtained from the tensile specimen; the fracture angle analysis of the shear 

state of the shear failure is obtained, and the method for determining the stress triaxiality of the sheet material is 

obtained. Furthermore, the VUMAT subroutine was written based on the Hill'48 yield criterion and the Mohr-

Coulomb (MMC) failure criterion. The finite element simulation software ABAQUS was used to simulate the numerical 

simulation of the specimen. Finally, the simulation data is analyzed and the experimental data is used to verify the 

accuracy of the established stress triaxiality. 
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I. INTRODUCTION 

In engineering applications, the stress state of materials is often complex. To describe this stress state of the 

material, stress triaxiality  is introduced as a stress state parameter, which is a dimensionless parameter, usually 

expressed as the mean stress
m and ratio . At present, domestic and foreign scholars have studied the 

mechanical properties and behavior of stress triaxial materials. In the study of plastic deformation of materials, 

the tensile test specimens with different notch radii are designed according to the Bridgman principle[1], Bao[2] 

obtained the relationship between stress triaxiality and equivalent fracture strain by standard tensile and pure shear 

tests, and the failure modes of materials under different stress triaxial ranges are given. Xie Fan[3] corrected the 

stress triaxiality by performing round bar tensile test and self-designed shear test under different diameters; Jia 

Dong[4] and others used finite element simulation to combine the spatial distribution of the stress triaxiality and 

the strain accumulation process, then, the stress triaxiality has been determination. Since this method is simulated, 

it does not meet the requirements of being able to be easily applied to engineering. 

Based on the single-pull and shear tests of advanced high-strength dual-phase steels, this paper derives the 

stress triaxiality and equivalent plastic strain calculation formulas that are easy to apply to engineering and the 

relationship between them. Finally, based on the written Hill'48 -MMC ductile fracture criterion, verified by 

Abaqus finite element simulation. 

II. EXPERIMENTS 

2.1 Static Uniaxial Tensile Test 

At room temperature, the selected high-strength dual-phase steel test specimens are DP590, DP780, DP980 and 

DP1180. The design dimensions of the test piece are 120mm × 20mm × 1mm, the specific dimensions are shown 
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in Fig. 1. 

 

Fig. 1. Tensile specimen size. 

The static tensile test was carried out by a universal testing machine with a SANS 30 ton range. The equipment 

used in the test was CMT5305. The distance of the equipment fixture was adjusted, and the loading speed was set 

at 0.02 mm/min. The fracture condition of the tensile test piece is shown in Fig. 2. 

Through the static tensile test, four kinds of specimens were tested several times to obtain the engineering 

stress-strain curve corresponding to each type of dual-phase steel specimen, as shown in Fig. 2(a), and the true 

stress-strain curve obtained by the transformation[5], as shown in Fig. 2(b). 

  

(a) (b) 

Fig. 2. (a) Engineering stress-strain curves and (b) True stress-strain curves. 

The Swift model is used to describe the flow stress   of the material. The empirical formula is as shown in 

Eq. (1). The strain hardening index n  and strength coefficient K  can be obtained by Eq. (1). 

 0

n

pK     (1) 

Where 0  is initial yield strain and p  is equivalent plastic strain. 

Determine the relevant mechanical parameters of each type of dual-phase steel, as shown in Table 1[6]. 

Table 1. Relevant mechanical parameters. 

Materials 
Yield strength

0.2 /pR MPa  

Tensile strength

/mR Mpa  

Elongation after 

break / %A  

Elastic Modulus

5/ 10E MPa  

Poisson's 

ratio   

Strain hardening 

index n  

Intensity  

factor K  

Plastic strain 

ratio r  

DP590 389 656 26.0 2.00 0.28 0.19 854 0.95 

DP780 579 812 15.3 2.11 0.29 0.11 1224 0.90 

DP980 821 1027 8.6 2.12 0.29 0.10 1378 0.82 

DP1180 1164 1426 8.2 2.14 0.29 0.08 1564 0.70 
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2.2 Static Uniaxial Shear Test 

In order to study the fracture characteristics of dual-phase steel, a shear specimen was designed to carry out the 

shear test[7]. The specific specimen dimensions are shown in Fig. 3(a): 

  

(a) (b) 

Fig. 3. Shear specimen. 

The static tensile test was carried out on a 30-ton range universal stretching machine in the laboratory, and the 

distance of the stretching machine fixture was adjusted to set the loading speed to 0.02 mm/min. The fracture 

specimen obtained by this experiment is shown in Fig. 3(b): (taking the DP780 specimen as an example). 

 
Fig. 4. Displacement-load curves. 

By analyzing the fracture diagram of the shear specimen, the designed shear specimen was shear-displaced due 

to the parallel phase-disconnection tension in the middle ligament region. As the plastic deformation continues to 

accumulate, the size of the fracture continues to expand until it finally breaks. 

During the test of the shear specimen on the universal testing machine, the middle ligament area will not only 

be subjected to the shear stress but also the axial tensile stress, and at the same time there will be a certain slip at 

both ends, so the experimental data is processed and obtained. The load-displacement curve of the dual-phase 

steel specimen is shown in Fig. 4: (take the 0° specimen of DP780 as an example). 

2.3 Finite Element Simulation 

2.3.1 Hill’48-MMC Ductile Fracture Criterion 

The sheet forming process requires multiple rolling and heat treatment, so the material used will have obvious 

anisotropy. The Hill'48 yield criterion can reflect the material anisotropy, as Eq. (2)[8]. 

2 2 2 2 2 2 23
[ ( ) ( ) ( ) 2 2 2

2( )
y z z x x y yz zx xyf F G H L M N

F G H
                

 
 (2) 

The coefficient in the formula can be obtained from the thick anisotropy index r . The ratio r  of the strain in 

the width direction b expressed by the logarithmic strain to the strain in the thickness direction t . The 

relationship between sheet anisotropy coefficient and Lankford's constant value r  as Eq. (3)[9]. 
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Where
0 ,r  

45r  and 
90r  respectively are the Lankford's coefficient of the direction 0 ,  45  and 90of the tensile 

axis and the rolling direction in the uniaxial tensile test of the sheet. The anisotropy coefficient ,  L M  cannot be 

measured by a uniaxial tensile test and L M N   can be considered in the material. 

Wierzbicki[10] established a new weight function by transforming the parameters in the traditional stress fatigue-

Coulomb failure criterion into functions expressed by stress triaxiality, Rode parameters, and equivalent plastic 

strain. The mechanical ductile fracture model is also referred to as the “Modified Mohr-Coulomb (MMC) model”. 

This model is an extension of the maximum shear stress fracture criterion and can be used to predict shear fracture, 

the integral D of the weighted cumulative equivalent plastic strain is called the damage index, as Eq. (4).  
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 Often referred 

to as the "fracture envelope", it defines the fracture of the material under all possible proportional stress conditions. 

The strain at normal load is a function of stress triaxiality   and normalized Rode angle , A  and n  is the Swift 

hardening parameter, 1c , 2c and 3c  is the three material constants, which should be calibrated by at least three 

fracture tests. 

2.3.2 Simulation Result 

The Abaqus/Explicit module and the Abaqus/standard module use different user material subroutine interfaces. 

The interface rules and calculation methods are different[11]. The corresponding interfaces are called VUMAT and 

UMAT respectively. This paper adopts VUMAT through Fortran programming software. The VUMAT program 

was written according to Hill'48-MMC and embedded in Abaqus. Then the thin plate model of the corresponding 

angle of dual-phase steel was established in Abaqus, and the loading speed and boundary conditions were set and 

tested. The distribution of the field was obtained through simulation. The result is shown in Fig. 5 (Taking the 0° 

specimen of the DP780 as an example). 

     

                                      (a)                                                               (b)                                                             (c) 

Fig. 5. (a) Mises stress diagram, (b) Stress triaxial diagram and (c) Equivalent plastic strain diagram. 
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III. RESULTS AND DISCUSSION 

3.1 Shear Specimen Ligament Region Stress State 

In the shear test, in order to mark the deformation of the ligament region, two orthogonal lines are drawn in the 

middle deformation region before the test, one of which coincides with the longitudinal axis of the specimen and 

connects the two notched edges, and one coincides with the transverse axis, and by recording the deformation 

angle of the two marking lines during the test, we get the test data we want. Using the camera to take photos 

during the test, six images are selected for each angle, as shown in Fig. 6. 

      

Fig. 6. Partial shear test specimen drawing. 

By analyzing the deformation of the marking line: the marking line coincident with the longitudinal axis is 

always in a straight line, but as the test proceeds slowly, the straight line also rotates clockwise, when the specimen 

breaks at a maximum angle of about 25°. The line that coincides with the lateral axis gradually changes from a 

straight line to a curve, and the closer to the center, the greater the curvature. 

3.2 Equivalent Plastic Strain Analysis 

During the shear test, the ligament zone of the specimen will enter the localization of plastic deformation, and 

it is difficult to calculate the plastic deformation through simulation. Therefore, according to the two marking 

lines made before the test, we can partially enlarge the ligament area of the specimen. Observing the relative 

misalignment angle of the transverse marking line with respect to the central axis of the specimen, and recording 

this angle as the shear angle  , here we take the 0° shearing specimen as an example for the plane shear equivalent 

plastic strain analysis, as Fig. 7(a). 

  

(a) (b) 

Fig. 7. Strain analysis diagram. 

During the test, at a certain moment of deformation of the specimen, the trimming angle   has a slight angular 

change d , and the trimming angle becomes d   on the basis of  , and the angle between the original straight 

lines is also reduced by d , let the height of the unit be 1, as Eq. (5). 
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1 tan( ) tand b dx d          
(5) 

Where 1 tan( )dx d d    , 1 tan tanb      and tan( ) tand d      . 

Expand tan( )d  by Taylor series and omit the high order item, get
2(cos )

d
d
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According to the definition of equivalent strain, as Eq. (6). 
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3.3 Stress Triaxial Analysis 

Shear stress state of the ligament region of the specimen, as shown in Fig. 7(b); expression of stress triaxiality 

as Eq. (7). 

m



 

(7) 

Where 1 2 3

3
m

  


 
 , 

m is Hydrostatic stress (average stress), 
1 2 3, ,   is three principal stresses and

2 2 2
1 2 2 3 1 3

1
( ) ( ) ( )

2
             is equivalent stress. 

For the plane stress state, only one principal stress is zero and the other two principal stresses are not zero, as 

Eq. (8). 
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According to stress analysis, then get Eq. (9): 
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                                 (9) 

Where   is the deformation angle of the ligament region and S  is the stressed area. 

Simplified, as Eq. (10) 
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Through calculation, the calculation formulas of equivalent plastic strain and stress triaxiality are all 

independent variables with deformation angle. The photos taken in the pull-shear test are now imported into the 

Autocad software, and the angle of the linear deformation is measured, and then the angle is substituted into the 

formula to fit the data points into a curve. The curves calculated by simulation and derivation formulas are 

compared and shown in Fig. 8. 

  

(a) (b) 

Fig. 8. (a) Equivalent plastic strain curve and (b) Stress triaxial diagram. 

3.4 Correction of Stress Triaxiality 

It can be seen from the figure that there is a certain error in the equivalent plastic strain and stress triaxiality 

and the simulated data obtained by the calculation formula. The maximum error of the equivalent plastic strain 

reaches 8.1%, and the maximum error of the stress triaxiality reaches 13.6%; therefore, the error needs to be 

corrected by the deformation analysis of the sheet. 

 
Fig. 9. Deformation analysis of the specimen. 

As can be seen in Fig. 9, the broken surface rotation angle  represented by the broken line is the actual fracture 

surface, and the longitudinal marking line represents the predicted fracture surface before the test, and the angle 

  is rotated. Due to the gap between the actual fracture surface and the estimated fracture surface, the error 

between the experimental data and the simulation data is caused. 

In order to correct the error generated, the deformation law of the actual fracture surface is obtained. Through 

the simulation, the deformation of the transverse marking line and the actual fracture surface are compared as 

shown in Fig. 10(b). The analysis comparison chart can be obtained, the horizontal marking line and the actual 

fracture surface. The relationship between the angle of change and the normal stress can be judged that the angle 

  of the rotation of the transverse mark line and the angle   of the rotation of the actual fracture surface are both 
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caused by the normal stress, and the change of the angle   can be predicted by the law of the angle   change. 

The photograph taken in the pull-shear test is now imported into the Autocad software, and the angle of the 

transverse mark line during the deformation process is measured. A scatter plot is made and the function is fitted 

using the cubic function
3 2 ,y Ax Bx Cx D    as Fig. 10(a). 

  

(a) (b) 

Fig. 10. (a) Variation angle fit diagram and (b) Angle change comparison diagram. 

From the deformation analysis of the sheet toughness region, the final rotation angle   of the actual fracture 

surface is about 12° with respect to the estimated fracture surface, and the rotation angle   of the transverse 

marking line is about 33°. The parameter to get the fit function is A : 355334.35, B : -10726.85, C : 1156.53 and 

D : -4.38. 

Therefore, the correct function of the angular change of the actual fracture surface is Eq. (11). 

 3 2( )f Ax Bx Cx D





     
(11) 

The corrected angle value is brought into the derivation formula of the equivalent plastic strain and stress 

triaxiality, and the corrected formula is Eq. (12) and (13). 
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It is processed by the revised calculation formula and compared with the simulation data, as Fig. 11. 

 
Fig. 11. Revised data comparison diagram. 
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It can be seen from the figure that after correction, the error between the triaxiality of the simulation and the 

triaxiality curve calculated by the derivation formula is already very small, and the maximum error of the stress 

triaxiality of the five angle specimens is 2.9%, 1.9%, 2.1%, 2.3% and 2.6% respectively, verifying the rationality 

of the derived equivalent plastic strain formula and the stress triaxial formula. Using the same method to process 

the advanced high-strength dual-phase steel DP590, DP980 and DP1180 experimental data and simulation data, 

the same reasonable results can be obtained. 

IV. CONCLUSION 

1. Firstly, by calculating the stress state of advanced high-strength dual-phase steel, the calculation formulas of 

stress triaxiality and equivalent plastic strain are derived. When testing the shear specimen, the actual fracture 

surface and the estimated fracture surface are the gap in the angle of rotation leads to a gap between the test 

results and the simulation. 

2. Secondly, this paper estimates the deformation of the actual fracture surface by the deformation law of the 

transverse marking line of the specimen, and establishes the correction function of the angle change of the 

actual fracture surface. 

3. Finally, through the comparison of simulation and experimental data, it is proved that the rationality of the 

method for determining the stress triaxiality of advanced high-strength dual-phase steel has been revised and 

paved the way for future research. 
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