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Abstract 
 

Prediction of Failure with or without Strain 
Localization of Advanced High Strength Hot-rolled 

Steel Sheets 
 

Wonjae Kim 
Department of Materials Science and Engineering 

The Graduate School 
Seoul National University 

 

Numerical analysis is commonly applied to predict failure and optimize forming 

process in the industrial sheet metal forming. In most of typical sheet forming 

processes at room temperature, the metal sheets fail to deform after strain localization 

in the thinning mode. This strain localization is a result of the boundary value problem 

of the force equilibrium condition, which is strongly affected by the following three 

mechanical properties: the hardening behavior, yield function and strain-rate sensitivity. 

However, some rather brittle metals fail without strain localization. It would be 

determined by the fracture criterion in principle, which is one of mechanical properties. 

Ultimately, failure is a result of competition between two sets of properties, the first set 

is the fracture criterion, which directly controls failure and the other consists of the 

three properties, which affect strain localization. The main object of this work is to 

predict failure of rather thick advanced high strength hot-rolled steel sheets depending 

on the existence of strain localization. As for the failure with strain localization, a new 

numerical procedure to evaluate the formability of rather thick advanced high strength 

hot-rolled steel sheets was developed in this work. The new procedure differs from the 

practice commonly applied for rather thin cold-rolled metal sheets with four main 

features: employing 3-D continuum elements, non-quadratic yield functions such as 

Yoshida and Hosford yield functions and hardening with its deterioration (or ultimate 

softening) beyond uniform deformation limit as well as directly monitoring strain 
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localization to determine failure without employing any forming limit criterion (unlike 

the common practice for cold-rolled sheets, which typically employs shell elements, 

Hill’s quadratic yield function, extrapolated hardening and forming limit criterion). The 

characterization of material properties for the new procedure involves the simple 

tension, disk compression and hemispherical dome stretching tests. In case of failure 

without localization, to properly predict the formability, the strain rate effect and 

fracture criterion, which is dependent on stress triaxiality and strain rate, were 

considered. The stress triaxiality and strain rate dependent fracture criterion was 

characterized based on tensile tests of four different shape specimens to cover the wide 

range of deformation mode with various strain rates. From the experiments, the 

numerical and experimental punch force and displacement results were compared and 

the effective fracture strain was determined. For application and validation, advanced 

high strength hot-rolled steel sheets, HB780 and DP780 with the thickness of 2.9 mm 

for failure with strain localization and TWIP980 with the thickness of 3.1mm for 

failure without strain localization, were considered for the circular cup drawing test. 

 

Keywords: Advanced high strength hot-rolled steel sheets, Sheet formability, 

Non-quadratic yield function, Fracture criterion 

 

Student Number: 2010-20585
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Chapter 1. Introduction 

 

In the manufacturing process of metal sheets, several rolling processes which are 

important processes to obtain the uniform thickness and reduce the thickness are 

conducted. The initial breakdown of ingots is generally conducted by hot-rolling at 

high temperature, which is usually above recrystallization temperature. The 

microstructure and mechanical property of the hot-rolled sheet are affected by heating 

and cooling temperatures (Ghosh et al., 2005; Kim, 2000; Zhao et al., 2002), cooling 

rates (Rodrigues et al., 2000) and the amount of plastic work (Jahazi and Egbali, 2000). 

For the application, the hot-rolled steel sheets are applied for structural members in 

construction as well as automotive parts such as wheels and disks. In recent years, the 

hot-rolled aluminum and magnesium sheets were used for automotive and advanced 

air-craft structural parts due to their lightweight advantage. Hot-rolled metal sheets 

may be further cold-rolled at room temperature to achieve sheets with reduced 

thickness and clean surface for automotive applications such as outer panels as well as 

home appliances. In general, through the cold-rolling process, the sheet is hardened 

and its grains are controlled to have favorable anisotropic property (Mateo et al., 2003; 

Zhang et al., 2010). 

 

Since most of cold-rolled sheets are subjected to further forming operations to fabricate 

final products in automotive applications and home appliances, the proper evaluation 

of their performance during forming in terms of failure as well as springback and 

wrinkling is so important that various numerical methods to evaluate those 
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performances have been developed and applied to optimize industrial sheet metal 

forming processes. On the contrary, as for hot-rolled metal sheets, with their limited 

application for further forming operations, researches on their performance including 

the failure of advanced high strength hot-rolled steel sheets are rare and most of their 

researches have been mainly focused on metallurgical aspects. In a rare attempt to 

evaluate formability of hot-rolled sheets, Date and Padmanabhan (1992) measured the 

forming limit diagram for two hot-rolled low-carbon steel sheets used for low-pressure 

gas (LPG) cylinders and analyzed fracture surfaces using SEM. Also, Zhao et al. (2002) 

investigated the drawability of hot-rolled interstitial-free steels measuring average R-

values but without addressing systematic procedures to evaluate formability in their 

forming in general. 

 

Failure of sheets during forming operations would be determined by the fracture 

criterion in principle, which is one of mechanical properties. However, in most of 

typical sheet forming processes at room temperature such as stamping operations, 

either hot-rolled or cold-rolled sheets are subjected to more or less two dimensional 

plane stress condition with moderate bending (unlike the hole-expansion operation 

(Chung et al., 2011b) and processes involving sharp bending (Kim et al., 2011)) and 

fails to deform after strain localization in the thinning mode. This strain localization is 

a result of the boundary value problem of the force equilibrium condition, which is 

strongly affected by the following three mechanical properties: the hardening behavior, 

yield function and strain-rate sensitivity (Chung et al., 2014a; Chung et al., 2014b). 

Ultimately, failure is a result of competition between two sets of properties, the first set 

is the fracture criterion, which directly controls failure and the other consists of the 
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three properties, which affect strain localization. The objective of this paper is to 

predict the formability of rather thick advanced high strength hot-rolled steel sheets 

depending on the existence of the strain localization (failure with or without strain 

localization).  

 

For most of automotive sheets including low carbon and advanced high strength steel 

sheets, fracture limit is so large compared to the deformation limit set by the strain 

localization that they fail by strain localization. For such a case, measuring the fracture 

criterion becomes so much involved and might be less important, while properly 

measuring the three properties becomes more vital for proper evaluation of failure. 

Considering that most of automotive sheets fail by strain localization, four main 

features were introduced in the new procedure to properly address strain localization, 

referring to the procedure developed by (Chung et al., 2014b): employing 3-D 

continuum elements with fine meshes, non-quadratic yield functions such as Yoshida 

and Hosford yield functions and hardening with its deterioration (or ultimate softening) 

beyond uniform deformation limit as well as directly monitoring strain localization to 

determine failure without employing any forming limit criterion. These features differ 

from those of the practice commonly applied for thin cold-rolled sheets, which 

typically employs shell elements, Hill’s quadratic yield function, extrapolated 

hardening and forming limit criterion.  

 

For typical sheet metal forming operations such as stamping processes, either hot-

rolled or cold-rolled sheets deform more or less under the plane stress mode. However, 

the shell element promotes premature (too early) strain localization for rather thick hot-
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rolled sheets since the shell element lacks the geometric continuity constraint for 

inhomogeneous thickness distributions unlike the 3-D continuum element. Therefore, 

3-D continuum elements were applied with fine meshes here. Coarse meshes delay 

strain localization. The promotion and delay of the strain localization by the shell 

element and coarse meshes were briefly reviewed in this work. 

 

Regarding the mechanical properties, three properties mentioned above strongly affect 

strain localization. As for the hardening behavior, as its stiffness (typically noted as the 

n-value) is subsided, strain localization is promoted. The standard procedure to 

characterize the hardening behavior is to perform curve fitting only up to the UTS 

(ultimate tensile strength) point as the uniform deformation limit in the simple tension 

test and then extrapolate it beyond the UTS point. Some performed the bulge test to 

obtain hardening, which has about twice larger uniform deformation range compared to 

the simple tension test (Atkinson, 1997; Gutscher et al., 2004; Young et al., 1981). 

However, micro-voids develop in sheets in general before failure so that hardening 

may deteriorate (or soften) after UTS, as captured by the GTN fracture (Tvergaard and 

Needleman, 1984) and Lemaitre damage models (Lemaitre, 1992). As a way to 

simplify those sophisticated models, hardening deterioration after UTS was 

characterized in this work, employing the inverse numerical method for the simple 

tension test under the prevalent assumption of the isotropic hardening. Along this effort, 

the strain rate sensitivity was also characterized with the simple tension test since it 

significantly subdues strain localization. 

 

Yield function shapes significantly affect strain localization. As the yield function 
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shape is more bulged out in the plane strain mode (between the simple tension and the 

balanced biaxial deformation modes under the plane stress condition), as the shape 

evolves from such as that of the Tresca (Tresca, 1864) to that of the von Mises yield 

function (Von-Mises, 1913), strain localization delays in the biaxial stretching mode. 

Therefore, a proper choice of the yield function is important to properly simulate strain 

localization in the biaxial stretching mode. Among several yield functions for 3-D 

continuum elements, Hosford isotropic (Hosford, 1972) and Yoshida anisotropic 

(Yoshida et al., 2013) yield functions were employed here. The Hosford yield function 

has one particular material parameter, which determines the shape of yield surface and 

directly affects the strain localization in the biaxial stretching mode. Among many 

anisotropic yield functions for 3-D continuum elements, the Yoshida yield function was 

originally developed particularly for its convenient application for sheet forming; 

therefore, it has a fewer number of anisotropic coefficients compared to others. Besides, 

it has one particular material parameter, which also directly affects the strain 

localization in the biaxial stretching mode as the one for the Hosford function does. 

Hill’s anisotropic yield function (Hill, 1948) was also employed here for comparison 

purposes. Those particular material parameters of the Hosford and Yoshida yield 

functions affecting strain localization were characterized considering their performance 

in predicting strain localization in the hemispherical dome stretching test, which is 

routinely utilized to measure forming limit diagrams in the biaxial stretching mode. In 

addition to the hemispherical dome stretching test, the disk compression test was 

conducted to obtain R-value in the balanced biaxial stress mode. In all, the three 

material properties important for strain localization were characterized utilizing the 

simple tension, disk compression and hemispherical dome stretching tests in this work.  
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As for the last of the four features, the forming limit diagram (FLD) is commonly 

utilized to determine failure by strain localization. Note that FLD is applied to the 

critical element which fails in the common practice, assuming that FLD is a material 

property replacing the fracture criterion for failure by strain localization. However, the 

FLD data, when experimentally measured, is the deformation of a small group of 

material elements (or a grid) which neighbors and deforms together with the critical 

element during forming but then survives when the critical one fails by severe strain 

localization in the end. Therefore, applying the FLD for the critical element in the 

numerical procedure may lead to premature failure by strain localization, which was 

also briefly reviewed. In this work, instead of utilizing FLD, failure by strain 

localization was determined by directly monitoring strain localization, for which 

relative deformation in terms of the effective strain at the critical element and its small 

group of neighbors (with the size of one grid used for the FLD experiment) was traced 

throughout forming. This new feature is virtually the numerical mimic of the FLD test. 

 

Failure by fracture without strain localization is the case of Hot-rolled TWIP (twinning 

induced plasticity) steel sheet, for which the strain localization limit is significantly 

larger than those of typical automotive steel sheets with its stiff hardening behavior 

associated with twinning mechanism for plastic deformation. Most of researches have 

been mainly focused on the modeling of microstructure or evolution of texture (Allain 

et al., 2004; Bouaziz and Guelton, 2001; Grässel et al., 2000). In a rare attempt to 

evaluate formability of TWIP sheet, (Chung et al., 2011b) had researched the 

mechanical properties and formability of cold-rolled TWIP sheet. In this work, the 
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predict of failure of hot-rolled TWIP steel sheets with rather thick thickness was 

conducted considering the strain rate effect and the fracture criteria, which is dependent 

on the triaxiality and strain rate, was developed.  

 

As for the strain rate sensitivity in hardening behavior, there are numerous constitutive 

equations (Hosford and Caddell, 1983; Sung et al., 2010; Wagoner, 1981). Among 

them, the power law type with the average m-value (Hosford and Caddell, 1983) to 

represent the strain rate sensitivity is commonly utilized due to its simplicity. The strain 

rate sensitivity is measured by conducting the simple tension tests with various tensile 

speeds or strain rate jump tests. Based on the experimentally obtained hardening data, 

the strain rate sensitivity (the average m-value) is calculated. Unlike most of steel 

sheets, TWIP sheet shows the negative average m-value (Chung et al., 2011a). Also, in 

that work, the numerical simulation was implemented without considering strain rate 

sensitivity. In this work, a new constitutive equation for TWIP considering strain rate 

effect was developed and the numerical analysis with hardening including strain rate 

sensitivity was conducted.  

 

For the fracture model, numerous fracture models have been researched on ductile 

fracture model in terms of nucleation, growth and coalescence of micro-voids such as 

the Gurson (Gurson, 1977) and GTN models (Tvergaard and Needleman, 1984) as well 

as the damage model(Lemaitre, 1992). Moreover, more sophisticated fracture criteria 

based on stress triaxiality and Lode angel was proposed by extending the modified 

Mohr-Coulumb stress based fracture criterion without explicit expression of the 

softening behavior (Bai and Wierzbicki, 2008, 2009; Bao and Wierzbicki, 2004). 
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Recently, (Chung et al., 2011b) has developed an inverse calibration method to 

describe the hardening deterioration and the triaxiality-dependent fracture criterion was 

developed. In this work, based on the procedure developed by (Chung et al., 2011b), 

triaxiality and strain rate dependent fracture criterion was characterized. 

 

For application and validation, the numerical procedure developed here for failure with 

strain localization of hot-rolled sheets, two advanced high strength hot-rolled steel 

sheets, HB780 and DP780 with the thickness of 2.9 mm, were considered. The main 

mechanical properties were characterized based on the simple tension, disk 

compression and hemispherical dome stretching tests in along with a brief review of 

Hill, Hosford and Yoshida yield functions. The procedure was validated for the circular 

dup drawing test, in which the performances of shell elements with coarse meshes and 

directly employing the FLD criterion to determine failure were also briefly examined. 

For the failure without strain localization, to describe the hardening behavior, the new 

constitutive equation as a function of strain, strain rate was developed and 

implemented in the numerical simulation utilizing 3D continuum elements based on 

simple tension tests with various strain rates. Also, as for the fracture criterion, 

triaxiality and strain rate dependent fracture criterion was characterized based on 

tensile tests with various strain rates of four different shape specimens to cover the 

wide range of deformation mode. For validation of the characterized fracture criterion, 

the circular cup drawing tests with different punch speeds were conducted. 
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Chapter 2. Theory 

 

2.1 Yield function 
 

Three yield functions, the quadratic anisotropic Hill1948, non-quadratic isotropic 

Hosford and non-quadratic anisotropic Yoshida yield functions, were briefly reviewed 

here. 

  

2.1.1 Hill1948 yield function: Quadratic anisotropic yield function 

 

The quadratic anisotropic yield function proposed by Hill (1948) is defined by 

 

2 2 2 2 2 2 2F( ) G( ) H( ) 2L 2M 2Nyy zz zz xx xx yy yz zx xy                  (2.1.1) 
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where x, y and z are rolling, transverse and thickness directions. Here, F, G, H, L, M 

and N are anisotropic coefficients, which were calibrated using three R-values (

0 45 90, ,R R R ) with assuming that L=M=1.5: 
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0 0 0 90 45

90 0 0 0 90 0

( )(2 1)1
F , G , H , N

(1 ) 1 1 2 (1 )

R R R R R

R R R R R R

 
   

   
   (2.1.3) 

 

2.1.2 Hosford yield function: Non-quadratic isotropic yield function 

 

The non-quadratic isotropic yield function proposed by Hosford (1972) is defined by 

 

1 2 3 1 2 3 2
M M M M                              (2.1.4) 

 

where 1 , 2  and 3  are the principal stresses and M is a material-dependent 

exponent which determines the yield function shape. Unlike the Hill1948 yield 

function, the Hosford yield function does not have an explicit analytical expression for 

its conjugate effective strain increment. For 1.0M  , the yield surface is convex as 

shown in Figure 1. In particular, as the M value increases from 1.0 to 2.0 or decreases 

from ∞ to 4.0, the yield surface transforms from the Tresca to von Mises yield 

function as shown in Figure 1 (a) and (b). Between M =2.0 and 4.0, the yield function 

is bulged out beyond the shape of the von Mises yield function as the M values 

increases from 2.0 to 2.767 and then deceases back to 4.0 as shown in Figure 1 (c). 
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where 2J  and 3J  are the second and third invariants of the deviatoric stress tensor, s: 

 2

1

2 ij ijJ s s and    3 1 2 3

1

3 ij jk kiJ s s s s s s   (multiplication of three principal 

deviatoric stresses). Note that 3 6
2 3

1

3
J   is the von Mises yield function (with

0.0  ) as shown in the  -diagram, (a) (normalized by  ). 

 

The second term is the modifier of the von Mises yield function; i.e., 2 6
3 6

4

3
J  is 

commonly valid for the simple tension and balanced biaxial stress states, which were 

marked with six solid dots along with A and B, respectively, in the  -diagram; 

therefore, these six states stay on the von Mises yield function regardless of the   

value. Now, note that the value of 2
3J  gradually and symmetrically decreases to zero 

as the stress states moves from A and B to C, the pure shear stress state (plane strain 

mode). Therefore, the shape of the yield function flattens between A and B as the 

positive   increases and C moves inward, while it bulges out as the negative   

decreases and C moves outward. The yield function shape remains convex for 

27 9

8 4
    and the shape between A and B, which is symmetric with respect to C, is 

repeated six times for the rest in the  -diagram as shown in Figure 2 (a). The yield 

function shape under the plane stress condition normalized by   is shown in Figure 2 

(b), which demonstrates that the effect of the value on the Drucker yield function shape 

is similar with that of the M value on the Hosford yield function (therefore, both are 

dubbed here as the non-quadratic yield function parameters).  
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The Yoshida yield function is defined, as 

 

           3 2
6

2 3
1 1

1 27n n
m m m

m
m m

f J J
n n

  
 

    s s          (2.1.6) 

 

where m  is the (non-quadratic) parameter for the shape of the yield function and 

2 3,J J   are the second and third invariants of the linearly transformed deviatoric stress 

tensor, s ; i.e.,  

 

 2 3 1 2 3

1 1
,

2 3ij ij ij jk kiJ s s J s s s s s s                          (2.1.7) 

 

For the linear transformation, s L  , where L  is represented with anisotropic 

coefficients as 

 

0 0 0

0 0 0

0 0 01
0 0 0 3 0 03

0 0 0 0 3 0

0 0 0 0 0 3

m m m m

m m m m

m m m m

m

m

m

b c c b

c c a a

b a a b
L

g

h

k

   
    
   

  
 
 
 
  

        (2.1.8) 

 

The Yoshida yield function is expressed explicitly in terms of the Cauchy stress: 
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(2.1.9) 

 

where 1 16~C C  are material parameters, which are the function of anisotropic 

coefficients, ma , mb , mc  and mg  as well as m . Note that 1 1 0C . . In (2.1.9), it 

was assumed that m m mg h k   and the terms involving yz  and zx  were ignored 

except the last term on the left hand side, for its convenient application for sheet 

forming. When n = 1, the Yoshida yield function becomes the Cazacu/Barlat yield 

function, the anisotropic version of (2.1.5), while, when anisotropic coefficients are 

equal to 1.0 and m  is zero, it reduces to the von Mises yield function. Since the 

linear transformation for anisotropy does not affect convexity, the convexity condition 

for the Yoshida yield function remains the same with that of the Drucker.  
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2.2 Fracture criteria 
 

2.2.1 Stress triaxiality-dependent fracture criterion 

 

In this work, based on the effective fracture strain,  F d   , the fracture criterion 

was characterized. 

 F

d
d

 
 

                        (2.1.10) 

 

where   is the damage parameter and   1 2 3 / 3        is the stress 

triaxiality with three principal stresses. When   is 1.0, the moment of the macro 

crack occur for fracture. Here, F  is the accumulative effective fracture strain under 

the uniform stress triaxiality condition. Based on (2.1.10), the deformation path 

change (or triaxiality) can be properly accounted. The apparent effective fracture strain,

*
F , under the non-uniform stress triaxiality condition can be calculated by 

considering the deformation path change effect ((Chung et al., 2011b) for details); i.e. 

 

      *
F F Fd                            (2.1.11) 

 

where  F   and  *
F   are current values at    , while two terms in a 

parenthesis are the accumulative quantities based on the previous path change history. 

Under uniform deformation path,    *
F F     .  
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Chapter 3. Material characterization 

 

3.1 Failure with strain localization 
 

As for failure with strain localization, two kinds of advanced high strength hot-rolled 

steel sheets produced by POSCO, HB780 (hyper burring) and DP780 (dual phase) steel 

sheets with the thickness of 2.9 mm, were considered. Their main mechanical 

properties, the hardening with deterioration, strain rate sensitivity and the non-

quadratic yield function parameter, were characterized based on the simple tension, 

disk compression and hemispherical dome stretching tests as summarized here. 

Moreover, the numerical analysis for the prediction of failure with strain localization 

was conducted based on the experimental results. (Kim et al., 2016) 

 

3.1.1 Simple tension test (for hardening behavior below UTS, R-values 

and strain rate sensitivity) 

 

The simple tension tests were conducted utilizing the ASTM E8M standard specimen 

prepared by the wire cutting process along the rolling direction as shown in Figure 3. 

As for material anisotropy, simple tension tests were conducted along the rolling (0°), 

transverse (90°) and in-between (45°) directions. Tensile speed was 0.05 mm/s, which 

corresponds to the strain rate of approximately 0.001 /s when deformation is uniform 

within the gauge length of 50.0 mm. The particular strain rate was considered as the 

reference strain rate to describe the strain rate sensitivity. Figure 4 shows typical 

engineering stress-engineering strain curves measured for three directions. The 
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As for the hardening behavior, simple tension test data along the rolling direction was 

considered as the reference state for the isotropic hardening law. For HB780, a slight 

yield point phenomenon, which may have the upper and lower bounds of yield stress, 

was shown in the engineering stress-engineering strain curve without obvious Portevin-

Le Chatelier bands. To describe the hardening behavior in the uniform deformation 

range below UTS, the piecewise type (the linear type + the combined type) fitting law 

was applied by utilizing the least square method and resulting fitting constants were 

listed in Table 2. As for DP780, the hardening behavior below UTS was fit to the 

combined Voce-Swift hardening type law, utilizing the least square method, and 

resulting fitting constants were listed in Table 2. The hardening fitting curves well 

matched with the experiments for both samples as shown in Figure 5 up to UTS. 

 

To measure the R-value (the ratio of the transverse strain increment with respect to the 

thickness strain increment in simple tension), the transverse strain was measured using 

the strain gage attached perpendicular to the tensile direction in the simple tension test 

and the thickness strain was calculated assuming the constant volume condition. 

Measured R-values of the three directions were plotted in Figure 6 and summarized in 

Table 1. 
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Table 2 Hardening behavior in the uniform deformation range with strain rate 

sensitivity 

HB780 

Piecewise type: 

0,

 0.0215:  ( )

       :  ( ) (1 )

HB

HB

HB HB

m

HB HB
o

m

D F
HB HB HB

o

If A B

otherwise C E e 

  


  




 
    

 

 
       

 







 

HBA  

(MPa) 

HBB  

(MPa)
 

HBm  o     

356.4 759.6 0.0048 0.001    

HBC
 

(MPa) 

HBD  HBE
 

(MPa) 

HBF  0,HB  

  

1038.8 0.222 193.8 68.2 0.0739   

DP780 

Combined type: 0,( ) (1 )
DP

DP DP

m

B D
DP DP DP

o

A C e    


  
       

 


  

DPA
 

(MPa) 

DPB  DPC
 

(MPa) 

DPD  0,DP  DPm  o  

1167.1 0.125 61.9 60.6 6.07×10-3 0.0045 0.001 

( : theeffective stress, :theeffective plastic strain rate, = where is time)d        

 

 

 



 

 

 

 

F

H

Figure 5 Co

HB780 (b) D

mparison be

DP780 

etween harde

 23

(a) 

(b) 

ening fittingg curves and

 

 

d experimentt results: (a)) 



 

 

 

 

F

 

Figure 6 Meaasured R-values: (a) HB7

 24

(a) 

(b) 

780 (b) DP7880 

 

 



 

 

 

 

A

p

d

a

c

r

 

 

w

r

a

c

 

As for strain

power law t

direction wi

approximatel

considering t

rate sensitivit

where   an

rate sensitivi

average stra

computation 

n rate sensiti

type was m

ith four ten

ly assumed t

the 50.0 mm

ty exponent 

  m

nd   are th

ity variation

ain rate sen

in this work

vity, the stra

measured thr

nsile speeds,

to be strain 

m gage length

was calculat

ln

( , )

ln

m  





he effective

s for the fo

sitivity exp

k, were listed 

 25

ain rate sens

rough the si

, 0.05, 0.5,

rates of 0.00

h. Based on m

ted as  

0

0

( , )
( , 0.

n
( ) 0.0

  
  


 





 







stress and th

our strain rat

onents of t

d in Table 2.

(a) 

sitivity expon

imple tensio

, 5.0 and 5

01, 0.01, 0.1

measured ha

)
001)

001








    

he effective

tes were plo

two samples

nent (the m-

on test along

50.0 mm/s, 

1 and 1.0 /s,

ardening curv

          

plastic strai

otted in Figu

s, which w

 

-value) of th

ng the rollin

which wer

, respectively

ves, the strai

     (3.1.1

in rate. Strai

ure 7 and th

were used fo

he 

ng 

re 

y, 

in 

1) 

in 

he 

or 



 

 

 

 

F

 

3

 

D

b

r

w

c

c

m

b

r

 

Figure 7 Stra

3.1.2 Disk c

Disk compre

biaxial stress

respect to the

were prepare

conducted w

compression 

measured. T

balanced bia

respectively. 

ain rate sensit

compressio

ssion tests (X

s mode, bR

e rolling dire

ed by wire c

with loading 

test, diame

The results w

axial stress 

tivity variati

n test 

Xu L., 2008)

, which is t

ection strain

cutting with 

from 75 to

eters in the 

were shown 

mode for 

 26

(b) 

ion for four s

) were condu

the ratio of 

n increment. 

the diamete

o 90 kN w

rolling dire

in Figure 8

HB780 and

strain rates: (

ucted to obtai

the transver

The disk co

r of 10 mm

with the incr

ection and t

8 and the m

d DP780 w

 

a) HB780 (b

in R-value in

rse strain in

mpression te

. Compressio

rement of 2

transverse di

measured R-v

were 0.8673 

b) DP780 

n the balance

ncrement wit

est specimen

ion tests wer

2.5 kN. Afte

irection wer

values in th

and 0.8796

ed 

th 

ns 

re 

er 

re 

he 

6, 



 

 

 

 

F

D

 

Figure 8 Me

DP780 

easured R-values in the

 27

(a) 

(b) 

e balanced bbiaxial stress

 

 

s mode: (a)  HB780 (b)) 



 

 

 

 

 

28

3.1.3 Yield function 

 

Three yield functions, the quadratic anisotropic Hill1948, non-quadratic isotropic 

Hosford and non-quadratic anisotropic Yoshida yield functions, were calibrated. (Kim 

et al., 2016) Yield function shape significantly affects strain localization: As the yield 

function shape is more bulged out in the plane strain mode (between the simple tension 

and the balanced biaxial deformation modes), as the shape evolves from that of the 

Tresca to that of the von Mises yield function, strain localization delays (Chung et al., 

2014a). For Hill1948, F, G, H, L, M and N which are anisotropic coefficients as listed 

in were calibrated using three R-values ( 0 45 90, ,R R R ) with assuming that L=M=1.5. As 

for the Hosford yield function, the M value was determined considering its 

performance in predicting strain localization in the hemispherical dome stretching test. 

The M-values for HB780 and DP780 were 10.0 and 6.0, respectively, as listed in Table 

3, which will be further detailed later. With respect to the Yoshida yield function by 

considering its effect on strain localization in the biaxial stretching mode, the m  

value was determined based on its performance in predicting strain localization in the 

hemispherical dome stretching test as done for the M value of the Hosford yield 

function, while assuming that 1 2m m     for simplicity. The m  values became 2.1 

and -1.0 for HB780 and DP780, respectively, as listed in Table 3, which will be 

detailed later. The eight anisotropic coefficients,  ma , mb , mc  and mg  (with m = 1, 

2), were calibrated using normalized uni-axial yield stresses, R-values listed in along 

with bR  and further assuming that 1b  . The calibrated material parameters were 

listed in Table 3.  
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Table 3 Material parameters for three yield functions of HB780 and DP780 

HB780  

Hill 
F G H L M N 

0.5304 0.5795 0.4205 1.5000 1.5000 1.9059 

Hosford M=10      

Yoshida 

2 1.   

C1 C2 C3 C4 C5 C6 

1.0000 0.8392 1.1571 1.3725 1.0646 0.6466 

C7 C8 C9 C10 C11 C12 

0.7302 1.0424 1.1764 1.6556 1.0669 0.8301 

C13 C14 C15 C16   

1.1712 2.1374 1.0806 1.7155   

DP780       

Hill F G H L M N 

 0.5618 0.6088 0.3912 1.5000 1.5000 1.7682 

Hosford M=6      

DP780 

1 0.    

C1 C2 C3 C4 C5 C6 

1.0000 0.7823 0.5558 0.4298 0.6387 1.0164 

C7 C8 C9 C10 C11 C12 

1.2380 1.1646 0.6849 0.5757 0.9017 1.1577 

C13 C14 C15 C16   

1.0438 0.6887 1.1207 1.1050   
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3.1.4 Inverse calibration of hardening deterioration with the simple 

tension 

 

To characterize hardening behavior with its hardening deterioration beyond the 

uniform deformation limit before failure, the numerical inverse calibration method was 

conducted by performing iteratively the finite element analysis of the reference simple 

tension test (with strain rate 0.001 /s along the rolling direction) (Chung et al., 2011b). 

For numerical simulations, ABAQUS/Explicit (ABAQUS, 2007) was applied, utilizing 

the eight node 3-D continuum element (C3D8R). Numerical simulations were iterated 

with various hardening deterioration behavior until the simulated engineering stress 

and engineering strain data well matched with the experimental data with proper 

hardening deterioration. (Kim et al., 2016) 

 

Since the strain rate sensitivity affects the strain localization, its values listed in Table 2 

were utilized for the numerical simulations. Since the mesh size also affects strain 

localization, simulations were tried out with gradually smaller mesh size until the size 

did not affect the engineering stress and engineering strain result. The resulting mesh 

size was 0.2636 x 0.2636 x 0.2636 mm with eleven layers for 2.9 mm thickness for 

both samples. The hardening behavior calibrated beyond UTS for three yield functions 

of the two sample sheets and their performance in the engineering stress and 

engineering strain data were shown in Figure 12 and Figure 13. The inversely 

calibration simulation results well matched with measured engineering stress and 

engineering strain data. For both samples, the extrapolated hardening data without any 

deterioration over-predicted the engineering stress and engineering strain data. The 
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tension test was also plotted in Figure 15 (b) Figure 16 (b), which reasonably well 

matched with the measured FLD for all three yield functions of both samples. Since the 

performance of the three yield functions in addressing strain localization in the simple 

tension test was virtually the same, the proper yield function was determined based on 

the hemispherical dome stretching test, which is routinely applied to measure forming 

limit diagram. 

 

3.1.5 Hemispherical dome stretching test 

 

The hemispherical dome stretching test was conducted using a 50 ton double action 

hydraulic press machine with spiral beads on the holder and the die to hold the blank 

without slippage, as shown in Figure 17. (Kim et al., 2016) The punch speed was 20 

mm/min and the blank holding force was 450 kN. Between the punch and the blank, 

the urethane pad and the beef tallow were used for lubrication. Four shapes of 

specimens with the width of 25, 75, 130 and 200 mm (with the length of 200 mm 

aligned along the rolling direction) were prepared by the wire cutting process as shown 

in Figure 18 to cover various deformation modes near the simple tension, plane strain 

and balanced biaxial stretching modes. Circular grids with the diameter of 2.5 mm 

were etched on their surfaces using the laser grid to measure failure strains and the 

experimentally obtained strain-based FLD results were plotted in Figure 19.  
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(a) 

 

(b) 

Figure 19 Measured forming limit diagram: (a) HB780 (b) DP780 
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In order to evaluate whether specimens failed with strain localization or by fracture 

(without strain localization), the failed surfaces of specimens of the hemispherical 

dome stretching test were examined. For HB780, failure with strain localization was 

observed for all test specimens. As for DP780, surfaces for all specimens showed 

failure with strain localization except the 200 mm specimen (whose deformation mode 

is near the balanced biaxial stretching mode), for which the fractured surface showed 

less obvious failure by strain localization, suggesting that it may have failed by fracture 

without strain localization unlike all other cases. Note that failure of the 200 mm blank 

of both samples occurred in parallel with the rolling direction unlike all other cases 

with smaller widths.  

 

Utilizing the mechanical properties characterized based on the simple tension test for 

both samples, the hemispherical dome stretching test was simulated using 

ABAQUS/Explicit (ABAQUS, 2007). As for the mechanical property of the urethane 

pad with the thickness of 2.0 mm, Ogden’s isotropic hyperelastic material model 

(Ogden, 1972) was applied in this work, in which the strain energy density is expressed 

in terms of deviatoric principal stretches as  

 

2
1 2 32

1 1

2 1
( 3) ( 1)i i i

N N
el ii

i ii i

U J
D

  
  

 

                  (3.1.2) 

   

where i  are the deviatoric principal stretches and elJ = detFel with Fel as the elastic 

deformation gradient. Here, the values of ,  i i   and iD  with 1N   listed in Table 

4 were used in this work as suggested elsewhere (Chung et al., 2014b). 
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Table 4 The material parameters of the urethane pad 

N  1 

1( )MPa  3.7039 

1  3.2170 

1
1( )D MPa  1.0872 

 

The eight node 3-D continuum element (C3D8R) with the size of 0.2636 x 0.2636 x 

0.2636 mm were utilized in the center of blank where the failure occurred, while coarse 

meshes were used in the other regions. Eleven layers through the thickness of 2.9 mm 

were utilized for blanks as done for the simple tension test. As for the urethane pad, the 

eight node 3-D continuum element (C3D8R) with the size of 1.0 x 1.0 x 0.67 mm was 

employed with three layers through the thickness of 2.0 mm, while the rigid element 

(R3D4) was utilized for the tools. Simulations were performed only for a quarter of the 

blank considering symmetry, following the test conditions previously discussed. As for 

friction, two different friction coefficients were assumed for best fitting with the 

experiment results: 0.1 for the blank/urethane pad and the punch/urethane pad, while 

0.8 for the blank/die and the blank/holder, considering spiral bids on the die and the 

holder. 

 

To determine the onset of failure by strain localization (or the localized necking), 

deformations at the critical element, which deformed most in terms of the accumulated 

effective plastic strain, and its neighboring elements were monitored following the 

same procedure performed for the simple tension test, without referring to any forming 
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All the material parameters of the quadratic Hill1948 yield function were calibrated 

based on the simple tension test; however, the non-quadratic parameters of the Hosford 

and Yoshida yield functions were determined based on the hemispherical dome 

stretching test, since the performance of their various values in addressing strain 

localization in the simple tension test was virtually the same. Various M and    

values of the Hosford and Yoshida yield functions (with their corresponding hardening 

deterioration behavior calibrated for the simple tension test) were tried out, respectively, 

until best fit with experiments were achieved for the hemispherical dome stretching test. 

The resulting M-values for HB780 and DP780 were 10.0 and 6.0, respectively, while 

the   values became 2.1 and -1.0 for HB780 and DP780, respectively, as listed Table 

3. The M value in the Hosford yield function is commonly recommended as M=6 and 

M=8 for bcc and fcc materials, respectively, based on the crystal plasticity model, in 

which only the crystallographic texture and slip system in polycrystalline materials are 

considered. However, the empirically calibrated values here were different from the 

recommended values, which might be caused by the effects of grain shapes and sizes 

added in the empirical values. 

 

Regarding the performance of the calibrated three yield functions, numerically 

obtained forming limit strains and force-displacement curves were reasonably well 

matched with experimental results for the 25 and 75 mm blanks for all three yield 

functions of both samples as shown in Figure 21 - Figure 24. However, for the 130 and 

200 mm blanks, the results of the Hill1948 yield function showed delayed failure in 

forming limit strains and force-displacement curves for both samples, while the 

Hosford and Yoshida results showed reasonably good match with experiments as 
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shown in Figure 25 - Figure 28.  

 

The different performance between the quadratic and non-quadratic yield functions 

might be related to their yield function shape difference shown in Figure 9. Since the 

shapes of three yield functions were similar between the simple tension and plane 

strain modes for both samples, the results for the 25 and 75 mm blanks were similar 

each other for all the three functions of both samples. However, the shapes between the 

plane strain and balanced biaxial stretching modes were similar for the Hosford and 

Yoshida yield functions and they were not so similar with that of the Hill function for 

both samples. Therefore, the Hosford and Yoshida yield function results were similar 

each other for the 130 and 200 mm blanks, while they differed from the Hill function 

result. The delayed strain localization of the Hill case was related to its more bulged 

out shape between the balanced biaxial stretching and plane strain modes for both 

samples. Consequently, the non-quadratic Hosford and Yoshida yield functions with 

their particular M and   values might be proper choices for the particular hot-rolled 

steel sheets considered here for the failure analysis of their sheet forming with strain 

localization. However, there is a major difference between the Hosford and Yoshida 

yield functions that the former is isotropic and the latter is anisotropic such that, even 

though both properly predicted failure patterns for specimens with smaller widths of 

both samples, only the anisotropic Yoshida yield function properly predicted failure 

lines aligned along the rolling direction of both samples as its simulation results. 

 

As for the failure of the 200 mm blank of DP780, the reasonably well predicted failure 

using the Yoshida yield function suggests that it failed with strain localization. When 
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its strain localization shown in Figure 28 (a) is compared that of all other cases 

simulated by the Yoshida yield function, its strain localization was so abrupt and rapid 

that its fractured surface did not show obvious strain localization by visual inspection 

in experiment, unlike all other cases.  

 

As for the failure lines aligned along the rolling direction of the FLD 200 mm blank of 

both samples, it was numerically confirmed that, when 1 0bR . , its direction is 

aligned along the transverse direction for both samples, confirming that the measured 

bR  value affected the failure line direction of the FLD 200 mm case. The average (for 

Grid 2) and critical effective plastic strains at the moment of failure by strain 

localization were confirmed that critical elements deformed significantly near or 

beyond 1.0 in terms of the accumulative effective strain before failure by strain 

localization for all the FLD test cases of both samples. 
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3.2 Failure without strain localization 
 

As for failure without strain localization, advanced high strength hot-rolled steel sheet 

TWIP980 (twinning induced plasticity) produced by POSCO with the thickness of 3.1 

mm was considered. For mechanical properties, the simple tension for hardening 

behavior with strain rate sensitivity and fracture tests with various specimens for 

triaixialiy and strain rate dependent fracture criteria summarized here. Moreover, the 

numerical analysis was conducted based on the experimental results. 

 

3.2.1 Simple tension test 

 

The simple tension tests were conducted utilizing the ASTM E8M standard specimen 

prepared by the wire cutting process along the rolling direction as shown in Figure 3. 

As for material anisotropy, simple tension tests were conducted along the rolling (0°), 

transverse (90°) and in-between (45°) directions. Tensile speed was 0.05 mm/s, which 

corresponds to the strain rate of approximately 0.001 /s when deformation is uniform 

within the gauge length of 50.0 mm. The particular strain rate was considered as the 

reference strain rate to describe the strain rate sensitivity. Figure 29-Figure 31 shows 

typical engineering stress-engineering strain and true stress-true strain measured for 

three directions. As shown in the figures, the uniform deformation limit was beyond 

the failure point, which means the failure without strain localization. The measured 

mechanical properties, averaged for three tests repeated per each direction, were 

summarized in Table 5. 
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Table 5 Mechanical (engineering) properties of TWIP980 

       Direction 
E 

(GPa)

YS 

(MPa)

UTS 

(MPa)

Elongation (%) 
R-value 

Uniform Total 

TWIP980 

 

RD (0o) 183.6 451.9 947.5 59.2 66.93 0.831 

In-between (45o) 189.6 458.7 941.6 65.0 70.46 0.845 

TD (90o) 186.9 467.1 952.8 59.9 64.4 1.017 

 

As for the hardening behavior, simple tension test data along the rolling direction was 

considered as the reference state for the isotropic hardening law. To describe the 

hardening behavior in the uniform deformation range below UTS, the Swift type fitting 

law was applied by utilizing the least square method and resulting fitting constants 

were listed in Table 6. The hardening fitting curves well matched with the experiments 

as shown in Figure 32. 

 

Table 6 Hardening behavior with strain rate sensitivity 

Swift type: 
0( )

m

n
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When the engineering stress-engineering strain curves with four tensile speeds in the 

rolling direction were compared as shown in Figure 36, the total elongation decreased 

considerably and the initial yield stress rose as the strain rate increased. The TWIP980 

sheet showed poorer formability with increased strain rate, which the amount of 

decreased total elongation was almost 20 % by comparing between strain rates 0.001 

and 1.0 /s. For more precise prediction of the formability of TWIP980, a new 

constitutive equation with strain rate sensitivity was developed. The new empirical 

constitutive equation of the following form was proposed: 
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where fA , fB , fC , fD , fE , fF , gA , gB  and gC  are hardening coefficients, which 

was listed in Table 8. The constitutive equation was utilized to numerical analysis for 

formability prediction. To validate the developed constitutive equation, numerical 

simulations were conducted for the simple tension test along the rolling direction with 

various strain rates utilizing the eight node 3-D continuum element (C3D8R) with the 

size of 0.2384 x 0.2384 x 0.2384 mm utilized in the center with Hill 1949 yield 

function. With the power law type hardening for each strain rate, the numerical 

simulation cannot describe the measured engineering stress-engineering strain data as 

shown in Figure 37. As for the new developed constitutive equation, its hardening 

curves with various strain rates describing the crossover curves well predicted the 

experimentally obtained hardening in Figure 38 (a) and the numerical simulation 

results showed good agreement with the experiment results as shown in Figure 38 (b). 

 

Table 8 Hardening coefficients for the new developed empirical constitutive law 

fA  fA  fA  fA  fA  fA  

2253.0 01145 0.1195 0.6473 0.7164 0.1024 

gA  gB  gC     

0.7993 0.0097 -0.0768    
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3.2.3 Fracture test 

 

In this work, three different fracture specimens shapes developed by (Seok et al., 2015) 

as shown in Figure 39 were utilized to characterize the fracture criterion to obtain 

various deformation modes with the simple tension specimen. In (Seok et al., 2015), 

the developed characterization was focused on the non-negative stress triaxiality region 

with dealing with the thinning deformation mode which is important for failure in real 

part drawing. As done for the simple tension test, tensile tests for the two kinds of 

round notch and shear specimens were conducted using the universal testing machine 

(Instron 8801). Moreover, to characterize the strain rate dependent fracture criterion, 

all tensile tests were conducted with various strain rates. The tensile speeds for each 

specimen were determined by numerical simulation checking the strain rate of center 

element of specimen. As for the round notch I, for along the rolling direction with four 

tensile speeds, 0.02, 0.2, 2.0 and 20.0 mm/s were approximately assumed to be strain 

rates of 0.001, 0.01, 0.1 and 1.0 /s, respectively. Also, four tensile speeds, 0.01, 0.1, 1.0 

and 10.0 mm/s for round notch II and 0.05, 0.5, 5.0 and 50.0 mm/s for shear were 

conducted, which were approximately assumed to be strain rates of 0.001, 0.01, 0.1 

and 1.0 /s, respectively. The punch force-displacement results were shown in Figure 40 

- Figure 42 and the specimens after failure were shown in Figure 43.  
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By conducting the simulation, the fracture initiation was determined by the maximum 

force condition in the experiment. The critical element, which was the center of the 

specimen and would have fracture with the largest effective strain, and the 

accumulative were identified for all fracture tests. The deformation history of stress 

triaxiality and the accumulative strain of the critical element for each test until the 

fracture were shown in Figure 48. The path of deformation in simple, round notch I 

and round notch II was changed moderately. Although the uniform path change of 

stress triaxiality for each test was well maintained except the shear test by fracture, 

 F   for (2.1.10) was iteratively determined, assuming that 
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where a, b, c, j and k are constant coefficients for fracture criterion. To cover the 

various zones in the thinning mode assuming the plane stress condition, the stress 

triaxiality zone was divided into two zones. One is between the simple tension with 

1 / 3   and balanced biaxial stress states with 2 / 3  , the other is between the 

simple tension with 1 / 3   and the in-plane shear stress 0  . The constant 

coefficients for fracture criterion in (3.2.6) were determined using the deformation 

history obtained by fracture tests in Figure 48. They were tried out iteratively until the 

fracture condition ( 1  ) was satisfied simultaneously in each zone. In addition, the 

continuity condition at 1 / 3   was applied for the coefficients, j and k which were 

iteratively calibrated based on the deformation path of shear in Figure 48. The 

coefficients of fracture criterion were listed in Table 9. In Figure 49, the deformation 
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4. Validation 

 

For application and validation of the newly developed numerical procedure and 

material properties characterized for two advanced high strength hot-rolled steel sheets 

for failure with strain localization, experiments and numerical simulations were carried 

out for the circular cup drawing test for HB780 and DP780 (Kim et al., 2016). The test 

was performed using the 50 ton double action hydraulic type press as schematically 

shown in Figure 51. The punch speed was 108 mm/min and the blank holding force 

was 50 kN. The beef tallow was used as a lubricant to reduce the contact friction 

between the punch and the blank, while a lubricant was not utilized for the blank/die 

and the blank/holder. The circular cup drawing test specimens with 4 different 

diameters from 102.5 to 110.0 mm with the interval of 2.5 mm were prepared by wire 

cutting. When the diameter of specimens was 102.5 mm, forming was completed 

without failure for HB780 and DP780, but failure occurred on around the punch radius 

corner regardless of material directions for both samples with severe strain localization 

for all other cases as shown in Figure 52.  
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obtained from the FLD test and imposed to the critical element for its failure by strain 

localization, the new criterion to monitor strain localization was also applied for 

comparison. To understand the mesh size effect, three mesh sizes were tried out for 

shell elements: 0.2636 x 0.2636, 0.5 x 0.5 and 1.0 x 1.0 mm. 

 

The simulated results of the Hosford and Yoshida yield functions showed that strain 

localization to induce failure did not develop for the 102.5 mm blank of both samples, 

complying with experimentally confirmed complete cup drawing without failure, and 

simulated force-displacement curves also well matched with experiments as shown in 

Figure 53 and Figure 54. The simulated results of both yield functions showed that 

failure with strain localization for the 105.0 mm blank of both samples, complying 

with experimentally confirmed cup drawing failure, and simulated force-displacement 

curves also well matched with experiments as shown in Figure 55 and Figure 56. 

Performance of the Hosford and Yoshida yield functions was virtually the same.  

 

The shapes of the successfully completed cups having four ears for both samples were 

shown in Figure 57 for the experimental and simulation results, respectively. To 

examine the earing and cup height, the earing profiles of the simulation with the 

Hosford and Yoshdia yield function after the cup drawing test were compared with the 

experiment, which was averaged for three tests, in Figure 58. In the simulation results 

of the anisotropic Yoshida yield function for both samples, the earing occurred in the 

direction of every 45 degrees with four ears, which were the same with the 

experimental results, while the isotropic Hosford yield function cannot account for the 

earing. In terms of the cup height, the earing profiles with the Yoshida yield function 
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showed good agreement with the experimental results for both samples. For the 

fracture site in case of the 105.0 mm diameter blanks for both samples, the simulation 

results with the Hosford and Yoshida function were in accordance with the experiments 

as shown in Figure 59. 

 

The common practice based on shells elements simulated failure with strain 

localization for both 102.5 and 105.0 mm blanks of both samples as shown in Figure 

53-Figure 56, regardless of the failure criteria and mesh sizes applied, confirming that 

using shell elements promoted early strain localization for the hot-rolled sheets. As 

meshes of shell elements became coarser, strain localization was delayed but the 

typical coarse mesh size of the common practice with 1.0 x 1.0 mm still simulated 

failure by strain localization for both 102.5 and 105.0 mm blanks of both samples. As 

for the failure criterion effect, the new criterion monitoring strain localization and the 

FLD based criterion did not make difference in results because of the premature strain 

localization by shell elements.   
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For application and validation of the newly developed constitutive equation, stress 

triaxiality and material properties characterized for advanced high strength hot-rolled 

TWIP steel sheets for failure without strain localization, experiments and numerical 

simulations were carried out for the circular cup drawing test. The test was performed 

using the 50 ton double action hydraulic type press as schematically shown in Figure 

51. The punch speeds were 20, 100 and 170 mm/min and the blank holding force was 

50 kN. The beef tallow was used as a lubricant to reduce the contact friction between 

the punch and the blank, while a lubricant was not utilized for the blank/die and the 

blank/holder. The circular cup drawing test specimens with different diameters were 

prepared by wire cutting. When the diameter of specimens was 112.5 mm, forming was 

completed without failure for 20 and 100 mm/min, but failure occurred on around the 

punch radius corner regardless of material directions in case of 115.0 mm diameter as 

shown in Figure 61 - Figure 64. For 170 mm/min, forming was completed without 

failure for the 110.0 mm diameter of specimen, but failure occurred in case of 112.5 

mm as shown in Figure 65 - Figure 66.  

 

Numerical simulations with properly calibrated hardening, strain rate sensitivity and 

fracture criterion were carried out for safe and fail of forming The eight node 3-D 

continuum element (C3D8R) with the cubic shape of 0.2385 x 0. 2385 x 0. 2385 mm 

was utilized in the blank except for the center region with coarse meshes. Thirteen 

layers were utilized through the thickness of 3.1 mm for blanks. The rigid element 

(R3D4) was applied for the tools. As for friction, two friction coefficients were 

assumed: 0.08 for the blank/punch and 0.08 for the blank/die and the blank/holder. 

Simulations were carried out only for a quarter of the blank considering symmetry.  
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5. Conclusions 

 

In this work, numerical analysis was performed to predict failure of rather thick 

advanced high strength hot-rolled steel sheets depending on the existence of strain 

localization. A numerical procedure to predict the failure with strain localization of 

advanced high strength hot-rolled steel sheets was developed. The main features of the 

procedure, which were different from those of the practice commonly applied for 

rather thin cold-rolled steel sheets, were employing 3-D continuum elements with fine 

meshes, non-quadratic yield functions such as Yoshida and Hosford yield functions and 

hardening with its deterioration beyond uniform deformation limit as well as directly 

monitoring strain localization numerically to determine failure, without employing any 

forming limit criterion. In these new procedures, 3-D continuum elements were 

employed mainly because shell elements promote premature strain localization even 

though forming of the hot-rolled sheets were approximately in the plane stress 

condition. Since strain localization is significantly affected by three material properties, 

hardening, strain rate sensitivity and yield surface shape, these were carefully 

characterized. More precisely, hardening with its deterioration beyond the uniform 

deformation limit was inversely characterized, considering anisotropy and strain rate 

sensitivity, based on the simple tension test. As for the yield function shape, non-

quadratic isotropic Hosford and anisotropic Yoshida yield functions were applied and 

their key non-quadratic parameters to determine their shapes, the M and   values of 

the Hosford and Yoshida functions, were calibrated based on their simulation 

performance of the hemispherical dome stretching test: more precisely the 

simultaneous calibration of hardening deterioration and non-quadratic parameters 
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based on the simple tension and hemispherical dome stretch tests. Also, disk 

compression test was conducted to obtain R-value in the balanced biaxial stress mode, 

the bR  value, since it affects the failure pattern in the hemispherical dome stretching 

test for the square bank with the size of 200 mm. In all, the main mechanical properties 

for strain localization were characterized utilizing the simple tension, disk compression 

and hemispherical dome stretching test. As for the failure by strain localization, strain 

localization at the critical element was directly monitored numerically, imitating the 

experimental procedure based on the grid analysis.  

 

As for the failure without strain localization, the fracture criterion was characterized 

for TWIP980 with 3.1 mm thickness considering stress triaxiality and strain rate 

sensitivity. As for mechanical properties, hardening behavior with strain rate sensitivity 

and Hill 1948 anisotropy yield function were characterized by conducting the simple 

tension test. To describe the strain rate sensitivity, a new constitutive equation was 

developed. Also, as for the fracture criterion, it was characterized based on tensile tests 

with different shape specimens to deal with the wide range of deformation mode. The 

effective strain of fracture criterion was dependent on stress triaxiality and deformation 

path. By conducting tensile tests with various strain rates, the strain rate dependency on 

fracture was examined. 

 

For application and validation, advanced high strength hot-rolled steel sheets, HB780 

and DP780 with the thickness of 2.9 mm for failure with strain localization and 

TWIP980 with the thickness of 3.1mm for failure without strain localization, were 

considered for the circular cup drawing test. The new procedure well performed to 
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predict failure in the circular cup drawing test, supporting its applicability for hot-

rolled sheet forming analysis. 
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초    록 

 

산업 현장의 판재 금속 성형 시 파단의 예측 또는 성형 공정의 최적화를 

위하여 유한 요소 해석이 적용되고 있다. 상온 조건의 판재 성형 공정 시, 

대부분 판재는 thinning 모드에서 변형률 집중을 동반한 파단이 발생한다. 

이러한 변형률 집중은 경계 값 문제의 결과이며, 이는 경화 곡선, 항복 함수, 

변형률 속도 민감도에 크게 영향을 받는다. 그러나, 몇몇 취성 재료의 경우 

변형률을 동반하지 않은 파단이 발생한다. 따라서, 판재의 파단은 이러한 두 

가지 성질의 경쟁적 관계에 의해 결정된다. 이 논문의 주요 목적은 파단을 

변형률 집중 동반 유무에 따라 초고강도 열연 강판의 성형성을 판단하는 

것이다. 변형률 집중을 동반한 경우, 이를 해석하기 위하여 기존 얇은 냉연 

강재에 사용되는 방법과는 다른 새로운 유한 요소 해석 방법을 개발하였다. 

이러한 방법은 3-D continuum 요소, 비이차 항복함수, 균일 연신 구간 

이후의 연화 거동을 고려한 경화곡선을 고려하였고, 또한 성형 한계 조건 

없이 변형률 집중을 수치적으로 직접 계산하였다. 물성화를 위하여 일축 

인장, 디스크 압축, 반구 돔 장출 시험을 수행하였다. 변형률 집중을 

동반하지 않은 파단의 경우, 변형률 속도 민감도와 변형률 속도 및 삼축 

응력에 의존한 파단 모델을 고려하였다. 다양한 변형 모드를 위하여 다른 

형상의 시편에 대한 인장 시험을 진행하였으며, 변형률 속도 의존성을 

고려하기 위하여 다양한 인장 속도로 시험을 진행하고, 이를 통하여 파단 

모델을 물성화 하였다. 변형률 집중을 동반한 파단의 경우, HB780과 DP780, 

변형률 집중을 동반하지 않은 파단의 경우, TWIP980에 대하여 각각 원형 컵 

드로잉 시험을 수행 및 검증하였다.  
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주요어: 초고강도 열연 강판, 판재 성형성, 비이차 항복함수, 파단 모델 

학  번: 2010-20585 

 

 

 


	1 Introduction 
	2 Theory     
	2.1 Yield function 
	2.1.1 Hill1948 yield function 
	2.1.2 Hosford yield function 
	2.1.3 Yoshida yield function 

	2.2 Fracture criterion 

	3 Material Characterization 
	3.1 Failure with strain localization 
	3.1.1 Simple tension test 
	3.1.2 Disk compression test 
	3.1.3 Yield function 
	3.1.4 Inverse calibration of hardening deterioration with the simpe tension 
	3.1.5 Hemispherical dome stretching test 

	3.2 Failure without strain localization 
	3.2.1 Simple tension test 
	3.2.2 Strain rate sensitivity 
	3.2.3 Fracture test 
	3.2.4 Triaxiality and strain rate dependent fracture criterion 


	4 Validation  
	5 Conclusions 
	Bibliography 
	Korean Abstract 


<startpage>13
1 Introduction  1
2 Theory      9
 2.1 Yield function  9
  2.1.1 Hill1948 yield function  9
  2.1.2 Hosford yield function  10
  2.1.3 Yoshida yield function  12
 2.2 Fracture criterion  17
3 Material Characterization  18
 3.1 Failure with strain localization  18
  3.1.1 Simple tension test  18
  3.1.2 Disk compression test  26
  3.1.3 Yield function  28
  3.1.4 Inverse calibration of hardening deterioration with the simpe tension  34
  3.1.5 Hemispherical dome stretching test  41
 3.2 Failure without strain localization  59
  3.2.1 Simple tension test  59
  3.2.2 Strain rate sensitivity  66
  3.2.3 Fracture test  72
  3.2.4 Triaxiality and strain rate dependent fracture criterion  75
4 Validation   93
5 Conclusions  124
Bibliography  127
Korean Abstract  131
</body>

