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Fig. 1-1 Long-term trend of production of forged products in Japan 1-1) 
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Fig. 1-3 Long-term trend of cold forged products used for passenger cars in Japan 1-4) 

 
 

 
Fig. 1-4 Examples of upset fracture 1-6) 
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Fig. 1-5 Appearance of chevron cracks in cold multi stage extrusion 1-7) 
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Fig. 1-9 Schematic illustration of mechanism of ductile fracture 1-41) 

 
 
 

Dislocation 
accumulation

Micro hole 
generation

Growth

Coalescence

Void Crack



16 
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Fig. 1-12 Relationship between equivalent strain to fracture and average stress 
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Fig. 1-15 Relationship between critical damage value of Ayada model and stress 
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Fig. 2-1 Difference between the average tensile stress and the material flow stress in 
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2.2  
2.2.1  
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4 1

Swift
Table 2-2 εp
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Fig. 2-2 Notched round bar specimens (a) (d) and a smooth round bar specimen (e) 
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Table 2-1 Chemical compositions of SS400 (mass %) 

C Si Mn P S 

0.07 0.16 0.6 0.024 0.041 

 
 

Table 2-2 Mechanical properties of SS400 

Tensile 
strength 

Yield 
strength 

Uniform 
elongation 

F* n* ε0* 

473MPa 357MPa 19% 788MPa 0.19 0.002 

*Approximated using σ = F(ε0 + εp)n for εp = 0.1 - 0.19 
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Fig. 2-4 Corrected flow stress curve for inverse analysis 
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Fig. 2-5 Error between experimental and computed curve 
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Fig. 2-7 Flowchart of the stress corrections and the validations for using the numerical 
tensile test results 
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Fig. 2-9 Stress correction results using Bridgman’s method about numerical tensile 
tests 

 

 

Fig. 2-10 Distribution of stress components on neck at εf  = 1.2 (R0 = 20 mm, 
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Fig. 2-11 History of design variables on inverse analysis (R0 = 3 mm, Reference flow 
stress curve : σ(swift) 

ref ) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-12 History of stress correction results using inverse analysis (R0 = 3 mm, 
Reference flow stress curve : σ(swift) 
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Fig. 2-13 Stress correction results using inverse analysis on numerical tensile tests 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2-14 Numerical target curves and inverse analysis results 
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2.5.2  
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Fig. 2-15 Flowchart of stress corrections for using SS400 tensile test results 
 

 

Fig. 2-16 Average tensile stress curves obtained from SS400 tensile tests using image 
analysis 
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Fig. 2-17 Stress correction results using inverse analysis on SS400 tensile tests 
 

 

Fig. 2-18 Experimental target curves and inverse analysis results on SS400 tensile 
tests 
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Fig. 2-19 Stress correction results using Bridgman’s method on SS400 tensile tests 
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3.2  
3.2.1

SS400 S45C
A5056-H34 SS400

Fig. 3-1 (a) (d) ( 2-2)
a0 R0
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Fig. 3-1 (e) 
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Swift Voce Table 3-1  
 
 

 
Fig. 3-1 Notched round bar specimens (a) (d) and a smooth round bar specimen (e) 

(unit: mm) 
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Table 3-1 Mechanical properties and the parameters of Swift’s and Voce’s model 

 

 
 

 
 
 
  

SS400 S45C A5056-H34
Tensile strength /MPa 473 776 318
Yield strength /MPa 357 575 225

Uniform elongation /% 19 2 11

Swift’s hardening rule
F* /MPa 788 1052 567
n* 0.19 0.07 0.21
ε0* 0.002 0.00028 0.013

Voce’s hardening rule
a* /MPa 638 797 379
b* /MPa 284 219 154
c* -7.78 -200 -18.9

*Determined at εp =0.1 - 0.19 (SS400) , 0.005 – 0.02 (S45C), 0.002 – 0.11 (A5056-H34)

n
pF )( 0

pcbea

[MPa] 
[MPa] 

[%] 

[MPa] 

[MPa] 
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3.2.2  
Fig. 3-2 4 3 
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CCD  (Point Grey Research , GRAS-20S4M) 
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Fig. 3-2 Schematic diagram of tensile test using image analysis 
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3.3  
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Fig. 3-3 Experimental target curve and inverse analysis results about tensile load P 
versus change in radius (a0-a) curve, after 8 cycle convergence calculation. 
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Fig. 3-4 Corrected flow stress curves by means of proposed stress correction method 
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Fig. 3-6 Relationship between stress triaxiality at fracture and the critical damage 
values (a) Cockcroft and Latham model (b) Ayada model 
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Fig. 3-7 Relationship between stress triaxiality at fracture and critical damage of 
Cockcroft and Latham model (S45C) 

 

 

Fig. 3-8 Relationship between stress triaxiality and equivalent strain (S45C) 
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3.5.2  
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Fig. 3-9 Re-evaluation of stress triaxiality path using FEM result (R0 = 20 mm) 
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Fig. 3-10 Distribution of stress components on the neck bottom at fracture (R0 = 
20mm)   
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4.2  
4.2.1  

20 S45C S45C
Table 4-1 Fig. 4-1
η R0 20 10 6 3 mm 4

Fig. 4-2 t 4.0 mm
 w 4 8 16 mm 3 w/t 1.0 2.0

4.0
  

 
4.2.2  

P (a0-a)
DIC 4-6)

a0 a
2 CCD  

(Point Grey Research , GRAS-20S4M) DIC
 (Correlated solutions VIC-3D)  DIC

a
3 mm/min   

 
 

Table 4-1 Chemical composition of S45C (wt%) 

 
 
 

C Si Mn P S 

0.44 0.22 0.78 0.017 0.026 



66 
 

 
 

Fig. 4-1 Notched round bar specimens 
 
 
 

 
Fig. 4-2 3-point bending specimens 
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4.2.3  
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CCD Point Grey Research
, GRAS-20S4M

1 mm
4-7) UPSET

Fig. 4-4  w/t = 2.0
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Fig. 4-3 Dimensions of jig of 3-point bending test 
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Fig. 4-4 Example of crack initiation in 3-point bending test: (a) w/t = 1.0, (b) w/t = 
2.0, (c) w/t = 4.0 
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4.3  
4.3.1  
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P- (a0-a) FEM
SRSM (Successive Response Surface Method)
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Livermore Software Technology Corporation
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Fig. 4-6 P-(a0-a) Fig. 4-7
R0 P-(a0-a)

  
 

 
Fig. 4-5 Boundary conditions and FE-mesh in notched round bar tensile test 
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Fig. 4-6 Flow stress curves identified by proposed stress correction method 
 

 
 

Fig. 4-7 Experimental and simulation results for notched round bar tensile tests 
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4.3.2  
3-PB Fig. 4-8

1/4
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Swift  
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Fig. 4-8 Example of FE-mesh in 3-point bending test simulation 
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Fig. 4-9 Experimental and simulation results for 3-point bending force 
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4.4  
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A B Fig. 4-12 NBT 3-PB
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Fig. 4-10 Loading path of stress triaxiality at the fracture points in notched round bar 
tensile (NBT) tests and 3-point bending (3-PB) tests 

 
 

 
 
Fig. 4-11 Simulation results of 3-point bending test: (a) w/t = 1.0, (b) w/t = 2.0, (c) w/t 

= 4.0 (A–D: Evaluation points for loading path of stress triaxiality) 
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Fig. 4-12 Relationship between stress triaxiality at fracture (ηf) and equivalent plastic 
strain at fracture (εf) 
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Fig. 4-13 Example of FE-mesh in upsetting test simulation 
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Fig. 4-14 Loading path of stress triaxiality at the fracture points in upsetting (UPSET) 
tests 

 

 
Fig. 4-15 Modified loading path of stress triaxiality at the fracture points in upsetting 

(UPSET) tests 
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Fig. 4-16 Prediction results of critical compression ratio (L0-Lf)/L0 using ductile 
fracture model of Eq. (2) (L0: Initial specimen height; Lf: Specimen height at fracture) 
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Fig. 4-17 Examples of SEM image of fractured surface of (a) notched round bar 
tensile test R0 = 3.0 mm, (b) notched round bar tensile test R0 = 20 mm, (c) 3-point 

bending test w/t = 2.0, and (d) upsetting test L0/D0 = 1.5 
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Fig. 4-18 Histogram of diameter of dimples (d) (NBT: notched round bar tensile; 3-

PB: 3-point bending; UPSET: upsetting; dave: average diameter of 50 dimples) 
 

 
 

0 10 20 30 400 10 20 30 400 10 20 30 40

0 10 20 30 400 10 20 30 40
0 10 20 30 400 10 20 30 400 10 20 30 40

0 10 20 30 40

0 10 20 30 0 10 20 30 0 10 20 30
0.00

0.75

1.00

1.50

3.00

6.00

0.00

0.75

1.00

1.50

3.00

6.00

0.00

0.75

1.00

1.50

3.00

6.00

12.0

Frequency

D
ia

m
et

er
 o

f d
im

pl
es

 d
/μ

m

R0=3 mmR0=20 mm R0=10 mm

w/t=1.0 w/t=2.0 w/t=4.0

L0/D0=2.0L0/D0=1.5L0/D0=1.0

N
B

T test
3-PB

 test
U

PSET
test

Edge
Center

dave =2.05dave =1.50dave =1.27

dave =1.21dave =1.07
dave =1.23 (C)
dave =1.39 (E)

dave =0.90dave =0.92dave =1.00



84 
 

 
 

 

 
Fig. 4-19 Relationship between stress triaxiality at fracture (ηf) and average diameter 

of dimples (dave) 
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