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RESUMEN 

 

Se ha investigado la rotura dúctil de un acero de alta resistencia de fase doble 980 realizando experimentos en los que el 

estado tensional variaba desde cortante puro a tracción biaxial. Los experimentos se realizaron a varias velocidades de 

deformación usando una máquina de tracción hidráulica y una barra Hopkinson equipada con un inversor de carga. Todos 

los experimentos fueron grabados con video cámaras para posibilitar medidas de deformación usando la correlación 

digital de imágenes. Por medio de un método híbrido experimental-numérico se obtuvo la deformación plástica 

equivalente de rotura. Para ello, fue necesario usar un modelo de material que contara con efectos de la velocidad de 

deformación y del ablandamiento térmico combinado con plasticidad y flujo plástico anisótropos. Además de la ya 

conocida dependencia de la deformación de rotura con el estado tensional, se observó que la velocidad de aplicación de 

la carga juega un papel fundamental. 

 

PALABRAS CLAVE: Fractura dúctil, alta velocidad de deformación, anisotropía, elementos finitos 

 

 

ABSTRACT 

 

Fracture experiments were carried out for stress states ranging from pure shear to equi-biaxial tension to investigate the 

effect of the stress state on the ductile fracture initiation of the dual phase 980 advanced high strength steel sheet. Among 

others, such tests included a newly-developed mini-punch test device that allowed for direct fracture strain measurements 

with a stereo digital image correlation system and a material-tailored in-plane shear specimen geometry obtained through 

an iterative optimization algorithm. Additionally, a load inversion device was used in conjunction with a Split Hopkinson 

Pressure Bar system and a high-speed video camera to investigate the initiation of ductile fracture at high strain rates. A 

hybrid experimental-numerical approach was performed to determine the equivalent plastic strain to fracture. For this, a 

Swift-Voce isotropic hardening was combined with a Johnson-Cook type of constitutive equation that described the rate- 

and temperature dependent plasticity of the material. Plastic anisotropy was taken into account by a non-associated flow 

rule that used Hill 48 yield function. Besides the well-known stress state dependency, it was found that the strain to 

fracture increased as a function of the loading velocity. The rate-dependent Hosford-Coulomb failure criterion predicted 

the experimental results with good accuracy. 

 

KEYWORDS: Ductile fracture, high strain rate, anisotropy, finite elements 

 

 

 

1. INTRODUCTION 

 

The stress state dependency on the ductile fracture 

initiation of metals under proportional loadings has been 

well established in the last ten years. Proof of that is the 

experimental work carried out by Barsoum and Faleskog 

[1]. Furthermore, advanced modelling techniques such as 

homogenization-based porous plasticity [2] and pore-

embedded unit cell calculations using a continuum model 

[3] have also found strong evidence of such stress state 

dependency. However, very few efforts have been 

invested on investigating such effects on dynamic 

loading regimes. 

In this paper, we will present an experimental campaign 

designed to observe and determine the ductile fracture 

behavior at very different stress states. Moreover, the 

campaign was extended to several loading rates to 

investigate the effect that the strain rate has on the ductile 

fracture. Since a hybrid experimental-numerical 

approach was chosen to obtain the fracture locus, an 

accurate description of the plasticity behavior of the 

material is of utmost importance. The rate-independent 

Hill ’48 yield function combined with an non-associative 

flow rule has been proven to give excellent results when 

using such hybrid techniques [4]. Consequently, we have 

implemented a rate- and temperature dependent version 
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of it. Micro-mechanically motivated Hosford-Coulomb 

fracture initiation criterion [5] was also adapted to 

include the effects that the loading rate may have on the 

ductile fracture. 

 

 

2. EXPERIMENTS 

 

2.1. Material 

 

The material considered for this study is a Dual Phase 

(DP) 980 Advanced High Strength Steel provided by 

Voestalpine. The five different geometries used to 

machine the specimens from the 1.4 mm thick plate 

provided are depicted in Figure 1. Since all the 

experiments were highly repetitive only a representative 

repetition is shown in Figure 2. Please note that all the 

specimens but the UTs were oriented at 90º with respect 

to the rolling direction. 

 

2.1. Quasi-static tests 

 

All the quasi static tensile tests were performed on a MTS 

universal servo-hydraulic testing machine equipped with 

a 250 kN load cell. The displacements were measured 

over a gage length of 30 mm post-processing the 

2452x2052 px2 resolution images acquired at 2 fps with 

a digital camera. Vic-2D digital image correlation (DIC) 

software by correlated solutions was employed for such 

a task. The measured velocity of 2x10-5 m/s gave a strain 

rate of 10-3 s-1 averaged over the specimen gage length of 

20 mm. The force-displacement response of UT 

specimens machined at 0º, 45º and 90º orientations with 

respect to the rolling direction can be seen in Figure 2 (a). 

The force-displacement response of the CH, NT10 and 

NT3 specimens is also plotted in Figure 2 (b), (d) and (e) 

respectively. 

 

2.2. Intermediate strain rate tests 

 

The same hydraulic machine set-up as that described in 

the previous sub-section was employed to perform the 

intermediate strain rate tests. The images were acquired 

with a high speed camera that was set to record 1000 fps 

at a resolution of 800x456 px2. The same DIC software 

was employed to get the displacement measurements 

over 30 mm gage length. A velocity of 0.01 m/s measured 

with the DIC gave a strain rate of 0.5 s-1 averaged over a 

gage length of 20 mm. The force-displacement curves of 

the NT10 and NT3 specimens can be observed in Figure 

2 (c) and (d) respectively. 

 

2.3. Dynamic tests 

 

A Split Hopkison Pressure Bar (SHPB) equipped with a 

load inversion device was employed to perform the tests 

under dynamic loading conditions. The geometry and 

dimensions of the SHPB are detailed in Figure 3. The 

specimen clamping ends shown in Figure 1 were 

obviously adapted to the SHPB set-up. Since all the three 

bars (striker, input and output bars) remain in elastic 

regime, the force applied on the specimen was measured 

from a strain gage located at 320 mm from the clamped 

end of the output bar. Assuming equilibrium in the 

dynamically loaded specimen 
input outputF F , one can say 

that force applied on the specimen is: 

   b b tF t E A t  (1) 

where bE  and bA  are the elastic modulus and the cross-

section area of the output bar and  t t  is the transmitted 

strain history measured in the strain gage. This force 

measurement was directly related to the images taken at 

a resolution of 512x32 px2 with an acquisition rate of 

160000 fps that were correlated digitally to get the 

displacement. The measured velocity was 2.5 m/s which 

was translated into an average strain rate of 125 s-1. The 

force-displacement curves corresponding to the NT10 

and NT3 specimens are plotted in Figure 2 (c) and (d) 

respectively. 

 

 

3. CONSTITUTIVE MODELING 

 

Assuming the additive decomposition of the strain tensor 
e p ε ε ε , its elastic part and the Cauchy stress tensor 

σ  are related as follows: 

 : :e p  C Cσ ε ε ε
 

(2) 

where C  is the fourth-order symmetric tensor that 

contains the elastic moduli 210E   GPa and 0.3  . 

To model plastic yielding of the material the quadratic 

Hill ‘48 orthotropic yield criterion was chosen. The yield 

function is given by: 

 , , , , , 0p p p pT k T             σ σ
 

(3) 

where.   is the equivalent stress and k  is the isotropic 

hardening of the material that is defined as a combination 

of three terms that include Swift-Voce mixed strain 

hardening and Johnson-Cook-based [6] strain rate 

hardening and thermal softening, 

sv
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m

p r
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m r

T T
k k C
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(4) 

where C  and m  are material constants, 0  is the 

reference strain rate, rT  and mT  are the reference and 

melting temperatures respectively. The strain hardening 

is defined as a weighted linear combination of a Swift 

and Voce laws, 

  
    

sv 0
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(5) 

where A , 0 , n , 0 , 1Q , 1C  are material constants and 

  is the weighting coefficient. The equivalent stress is 

expressed conveniently with a linear transformation of 

the stress tensor as follows: 

      : :
T

  σ σ σ σ σP P  (6) 
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Uniaxial Tension (UT) Notched R3.34 (NT3) Notched R10 (NT10) Central Hole (CH) 

Figure 1. Geometry and dimensions of the specimens tested. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 2. Experimental and numerical force-displacement curves of UT specimens at 0º, 45º, and 90º (a) and CH under quasi-static 

conditions (b). NT10 (c) and NT3 (d) specimens tested at several strain rates. Points correspond to the experiments, while the solid 

lines correspond to the numerical simulations performed in ABAQUS/Explicit. 

 
Figure 3. Geometry and dimensions of the Split Hopkinson Pressure Bar used for the high strain rate experiments. 

3800 mm 4490 mm

4350 mm

320 mm

Input bar

Output bar

Striker Load inversion device

Strain gauge

Ø 20 mm

Ø 20 mm
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being    11 22 33 12 23 13, , , , ,
T

     σ the vector form 

of the Cauchy stress tensor and P  a positive-definite 

fourth-order symmetric weighting tensor that contains 

Hill’s constants for plane stress anisotropic plasticity. P  

can be expressed in matrix notation as: 

 

* *

12 13

* * *

12 22 23

* * *

13 23 33

*

44

1 0 0 0

0 0 0

0 0 0

0 0 0 0 0

0 0 0 0 3 0

0 0 0 0 0 3

P P

P P P

P P P

P

 
 
 
 

  
 
 
 
  

P

 

(7) 

and 
* * *

22 22 33 12 22 44 33

* * *

12 12 13 12 23 12 22

   ,   1 2    ,   

   ,   1            ,   

P P P P P P P

P P P P P P P

    

        
(8) 

The direction of the plastic flow is given by a non-

associated flow rule, 

 p 






σ
ε

σ
 (9) 

that uses the following flow potential, 

  : :  Gσ σ σ
 

(10) 

where   is the plastic multiplier and in close analogy to 

P , G  is a positive-definite fourth-order symmetric 

tensor that defines the Hill ’48 non-associated flow rule. 

It can also be expressed in a matrix form, being its 

components: 
* * *

22 22 33 12 22 44 33

* * *

12 12 13 12 23 12 22

   ,   1 2    ,   

   ,   1            ,   

G G G G G G G

G G G G G G G

    

      

 (11) 

Such components contain the Lankford ratios, 

0 0 90
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 (12) 

The Lankford ratios are defined as the ratio of the plastic 

strains in the width and thickness directions respectively

 w t w l w

p p p p pr          where   is the direction of 

a vector aligned with the loading axis with respect to the 

rolling direction. 

The evolution equations for the internal variables are: 

p




   (13) 

p
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   (14) 

where 7850   kg/m3 is the mass density, =420pC  

J/(kg ºC) is the specific heat and   is the Taylor-Quiney 

coefficient that evolves with the strain rate: 
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(15) 

where 0 0.9  , 
0  and 

a  are the limit strain rates for 

the isothermal and adiabatic domains, respectively [7]. 

 

 

3.3. Constant identification 

 

The 0r , 45r  and 90r  Lankford ratios were directly 

obtained from longitudinal ( l

p ) and transversal ( w

p ) 

strain measurements with a gage length of 4 mm taken in 

the surroundings of the localized neck area. The yield 

anisotropy parameters 12P , 22P  and 33P , and the 

hardening constants were obtained by an iterative 

procedure that minimized the difference between the 

experimental and numerical force-displacement 

responses. Such procedure included all the experiments 

described in the previous section. The numerical 

simulations were performed discretizing only one-eighth 

the specimen and using an element size of 

0.075x0.075x0.075 mm3 in the gage area. The boundary 

conditions applied on the specimen ends were those that 

were directly measured in the experiments through DIC. 

The constitutive equations were implemented as a user 

material subroutine in ABAQUS/Explicit non-linear 

finite code. The material model constants are reported in 

Table 1. Figure 2 shows the good agreement between 

experimental and numerical force-displacement 

responses. 

 

 

4. FRACTURE 

 

4.1. Smiley shear and mini-punch tests 

 

The basic shear geometry is extremely dependent on the 

hardening of the material. In most of the cases the 

specimen gage area is subjected to pure shear in its center 

but it is under plane strain tension on the edges. This 

latter condition is extremely critical because it typically 

presents the lower strain to failure under plane stress 

conditions [5]. If that is the case, and the hardening is not 

taken into account, the basic geometry can lead to an 

edge fracture. Here, a geometry optimization procedure 

has been used to ensure that the specimen will fracture 

under pure shear conditions with an assumed strain to 

failure similar to that obtained in the numerical 

simulations from previous tests. 

That specific one-of–a-kind geometry was tested under 

quasi-static conditions with the same set-up and 

configuration as those specified in section 2. The 

experimentally measured force-displacement curves are 

compared with the “blind” numerical prediction using the 

constants from Table 1 in Figure 4 (a) and as can be seen 

the curves are in good agreement. 

An in-house design mini-punch test device was used to 

measure directly the strain to fracture on the circular 

specimen depicted in the upper left part of Figure 4 (b). 

The device was designed to allow the movement of the 

outer frame while the punch was fixed (see right bottom 

part of Figure 4 (b)). This gave a fixed focal distance to 

the specimen allowing for 3d DIC measurements on the 

surface of the specimen. Once the onset of fracture was 

detected, the major and minor strains ( 1 2  ) were 

measured and the strain to fracture was computed. 
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Table 1. Material constants for the DP 980 advanced high strength Steel. 

Hill 48 yield surface with non-associated flow rule 

12P
 22P

 33P
 12G

 22G
 33G

 
-0.4430 0.9827 3.0080 -0.4910 1.0093 3.0345 

Mixed Swift-Voce strain hardening 

  MPaA  
0  

n   0  MPa   1  MPaQ  
1C
 

  

1610.64 8.28x10-6 0.13 579.70 489.61 159.60 0.37 

JC strain rate hardening  JC thermal softening 

C  
1

0  s      m  
1sa
    

o CrT     
o CmT     

4.88x10-3 10-3  1.379 1.379 25.0 1008.8 

 

(a) 

 

(b) 

 
Figure 4. (a) Experimental and numerical force-displacement curves of shear specimens tested under quasi-static loading conditions. 

(b) Experimental force-displacement curve of the mini-punch test. Points correspond to the experiments, while the solid lines 

correspond to the numerical simulations performed in ABAQUS/Explicit. 

Since the stress state remains constant during the test, no 

simulation was required in this case. The Force-cross-

head-displacement response can be observed in Figure 4 

(b). 

 

4.2. Fracture initiation criterion 

 

Let us define the following tensor invariants, 

   1 2 3

1
tr     ;     :     ;     det

2
I J J  σ s s s

 
(16) 

where s  is the deviatoric stress tensor. The stress 

triaxiality   and the Lode angle parameter   are 

defined as a function of such invariants as, 

1 31

3 2

22

2 9
,     1 cos

27 2 3

JI

JJ
 



  
    

 
 (17) 

The rate-dependent fracture initiation criterion proposed 

is given through the equivalent plastic strain to failure 

that has the form: 

hc 4

0

, , , 1 ln
pf f

p p D


      


   
         

   

 (18) 

It combines the rate-independent Hosford-Coulomb 

failure criterion [5] with a loading-rate dependent term 

borrowed from Johnson and Cook [8]. The equivalent 

plastic strain to failure of the Hosford-Coulomb model is: 
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 (19) 

where a , b , c  and 4D  are material constants 1f , 2f  

and 3f  are the following trigonometric functions, 

 1

2
cos 1

3 6
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 (20) 

 1

2
cos 1

3 6
f


 

 
      

 
 (21) 

 3

2
cos 1

3 6
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 (22) 

A value of 0.1n   has been found to be a good 

estimation for metallic materials. The fracture initiation 

criterion is fulfilled once the damage indicator, 

0 , ,

f
p p

f

p p

d
D

 

   


  
  (23) 

reaches the unity. 
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4.3. Constant identification 

 

After the most critical element (highest equivalent plastic 

strain) was located, equivalent plastic strain, triaxiality 

and Lode parameter histories were extracted to 

reconstruct the loading paths until the displacement that 

corresponded to the onset of fracture was reached. The 

extracted equivalent plastic strain at the onset of fracture 

will be henceforth denoted as experimental fracture 

strain. 

The set of parameters { 4, , ,a b c D } were optimized in an 

iterative way to minimize the relative error between the 

fracture strain that corresponded to 1D   in eq. (23) and 

the experimental fracture strain. The prediction made 

with the calibrated constants reported in Table 2 are 

depicted as solid points in Figure 5, while the loading 

paths are shown in black for the quasi-static loading case, 

in blue for the intermediate loading case and red for the 

dynamic loading case. 

 

 

5. CONCLUDING REMARKS 

 

An experimental campaign that includes the following 

tests has been performed: 

 Quasi-static tests on UT (0º, 45º, 90º), CH, NT10, NT3, 

shear and mini-punch specimens. 

 Intermediate and dynamic tests on NT10 and NT3. 

The experiments have been simulated with a material 

model implemented as an user material subroutine in 

ABAQUS/Explicit that includes: 

 Anisotropic Hill ’48 yield function and non-associated 

flow rule with Hill ’48 flow potential. 

 Swift-Voce mixed strain hardening combined with 

Johnson-Cook strain rate hardening and thermal 

softening. 

 Temperature evolution law that accounts for the 

isothermal-adiabatic strain rate limits. 

 
Figure 5. Hosford-Coulomb fracture initiation model. Solid 

points correspond to the model prediction and lines are 

histories extracted from the numerical simulations. 

Table 2. Rate-dependent Hosford-Coulomb ductile fracture 

initiation criterion constants. 

Hill 48 yield surface with non-associated flow rule 

a  b  c  4D  

1.4102 0.9169 0.0599 0.0990 

 

The rate-dependent Hosford-Coulomb fracture initiation 

criterion gave remarkable predictions for the quasi-static 

loading conditions, while for the rest of the loading rates 

were acceptable. 
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