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Analysis of two parameter identification methods for original and modified 
Johnson-Cook fracture strains, including numerical comparison and 
validation of a new blue-brittle dependent fracture model for free-cutting 
steel 50SiB8 
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A B S T R A C T   

A non-linear relation between fracture strain and temperature is observed in Split Hopkinson Tension Bar (SHTB) 
tests for free-cutting steel 50SiB8 at high strains and high temperatures, due to blue-brittleness. A fourth-degree 
polynomial function for the thermal parts of the original and modified Johnson-Cook (JC) fracture strain 
constitutive equation is suggested and the corresponding parameters are identified. Fracture modelling of 50SiB8 
is not reported in literature. 50SiB8 is characterized under quasi-static, isothermal, high temperature and high 
strain rate conditions using smooth and notched tension specimens. For the calculation of the original and 
modified JC fracture parameters, two different parameter identification procedures, so-called forward and 
backward parameter identification methods are performed, compared with each other and explained in detail. 
For the stress triaxiality factor of the original and modified JC fracture model, the forward parameter identifi
cation method is suggested for the original JC fracture model, while backward parameter identification method 
is proposed for the modified JC fracture model. The effect of blue-brittleness in the temperature factor and the 
corresponding parameters are presented. Furthermore, FEM simulations of the original and the blue-brittleness 
based JC fracture model are compared with experiments. In the blue-brittle temperature range, the new adjusted 
JC model shows more accurate results, regarding fracture diameter and strain. Additionally, this work introduces 
a fracture model combining the Bai-Wierzbicki stress triaxiality dependent model, JC fracture models and the 
nonlinear temperature factor with blue-brittleness effect, while further experiments are required in order to 
determine its parameters.   

1. Introduction 

There are several parameters that influence the fracture behaviour of 
materials. Hydrostatic stress and the associated stress triaxiality have 
strong influence on the fracture strain [1–4]. The void growth models 
and their recent enlargement have become the fundamentals of modern 
ductile fracture mechanics [5]. Based on the analysis of large growth and 
coalescence of microscopic voids under the superposition of hydrostatic 
stresses, the exponential expression for the corresponding equivalent 

fracture strain of the Rice and Tracey fracture model [2] is written as: 

εf = DRT1eDRT2η (1)  

where DRT1 and DRT2are the material parameters and η is defined as 
stress triaxiality, which is represented by the ratio of negative hydro
static pressure p to von Mises equivalent stress σ, as shown in the 
following equations: 

η =
− p
σ =

σm

σ (2) 
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with 

p = − σm = −
1
3
(σ1 + σ2 + σ3) (3)  

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2
[
(σ1 − σ2)

2
+ (σ2 − σ3)

2
+ (σ3 − σ1)

2 ]
√

=
̅̅̅̅̅̅̅
3J2

√
(4)  

where σi for i = 1, 2 and 3 are the principal stresses and J2 is defined as 
the second deviatoric stress invariant. In addition to the stress triaxiality 
influence, Bai and Wierzbicki [6] postulated a new asymmetric fracture 
locus, considering Lode angle dependence: 

εf =

[
1
2
(
DBW1 e− DBW2 η + DBW5 e− DBW6 η)

− DBW3 e− DBW4 η
]

θ2
+

1
2
(
DBW1 e− DBW2 η − DBW5 e− DBW6 η)θ+DBW3 e− DBW4 η

(5)  

θ = 1 −
6θ
π (6)  

θ =
1
3
arccos

(
3
̅̅̅
3

√
J3

2J3/2
2

)

(7)  

where the six material parameters DBW1to DBW6need to be identified, θ 
and θ are the normalized and actual Lode angle [7], respectively and J3 
is defined as the third deviatoric stress invariant. Several researchers 
have investigated and included the behavior of stress triaxiality in 
conjunction with the Lode angle parameter to describe fracture more 
accurately [8–13]. A comprehensive derivation for equation (7) is 
demonstrated in [14]. According to Buchkremer and Schoop [15], the 
Lode parameter characterizes the loading direction, expressly tension, 
compression and shear. Bai et al. [5] indicated that the stress state at a 
point in an isotropic material can also be defined by a spherical coor
dinate system based on fracture strain εf , the stress triaxiality related 
coordinate and Lode angle θ. 

The normalized Lode angle itself is in a range of − 1⩽θ⩽1. For 
smooth and notched tensile axisymmetric bars, as used in this paper, the 
parameter θ gets equal 1 with reference to Bai and Wierzbicki [6] and 
equation converts into 

εf = DBW1 e− DBW2 η (8) 

which is the same as the fracture model of Rice and Tracey [2] and 
the reduced first factor of the fracture strain constitutive equation from 

Johnson and Cook [4] (JC). According to Khan and Liu [16], who have 
also proposed a strain and temperature dependent fracture criterion for 
isotropic and anisotropic metals, the strain rate and temperature effects 
are not considered in [1,2,3,6,8,9,10,12,13]. The strain rate and tem
perature dependency is taken into account in the research of Johnson 
and Cook [4], the slightly modified version of the Johnson and Cook 
fracture strain equation, proposed by Børvik et al. [17], and in recent 
studies from Roth and Mohr [11], which have included only the strain 
rate in a loose analogy with the Johnson and Cook model through a 
coefficient in the Hosford-Coulomb model. The entire strain at fracture 
formula of the original and modified Johnson-Cook fracture model in
corporates not only stress triaxiality, but also strain-rate and tempera
ture factors. Bai and Wierzbicki [18] depicted that the JC fracture locus 
captures the effect of stress triaxiality on fracture strains well, but, due to 
change of the Lode angle parameter, the model does not include the loss 
of ductility. To resolve this problem, Buchkremer et al. [19] adjusted the 
first factor of the Johnson-Cook model to the symmetric Lode angle 
dependent Bai-Wierzbicki model in Eq. (5). Furthermore, for the case of 
final ductile fracture, the strain rate dependent second factor of the 
Johnson-Cook model is omitted in: 

εf =
[(

D1BKV e− D2BKV η − D3BKV e− D4BKV η)θ2
+ D3e− D4BKV η ][1 + D5BKV T*] (9)  

T* =
T − T0

Tm − T0
(10)  

where Di BKV for i = 1, 2,3, 4 and 5 are the material parameters and θ gets 
equal to 1 again for smooth and notched tensile round bars, which 
converts the first factor of Eq. (9) into the right hand side of Eq. (8). 
Compared to the first factor of the fracture strain constitutive equation 
from Johnson and Cook [4], the offset parameter is still missing. T*, T0 
and Tm are the homologous, room and melting temperature, 
respectively. 

Childs [20] has also analysed a Johnson-Cook type of pressure, strain 
rate and temperature dependent failure law in combination with blue- 
brittle behaviour. The temperature models are based on an insufficient 
temperature range from 20 to 500 ◦C, predicting a blue-brittle reduction 
of failure strain as temperature reaches 600 ◦C. Above 650 ◦C, the failure 
strain even becomes infinite, which clearly demonstrates an unrealistic 
and unnatural material behaviour. As Childs [20] has highlighted, more 
temperature tests in the high strain rate fields are needed. Therefore, a 
temperature range from 20 to 800 ◦C and a strain rate range from around 
500 to 900 s− 1 in the high temperature fields has been included for the 
Split Hopkinson Tension bar test in this study, to analyse and provide a 
more accurate fracture model taking the blue-brittleness effect into 

Nomenclature 

a radius of the necking cross-section 
A0 initial cross-section area 
Af cross-area after testing 
c coefficient 
Di, Dk material parameter 
Δk trust-region radius 
εf equivalent strain at failure 
ε̇0 reference strain rate 
ε̇ strain rate 
εf0 fracture strain at room temperature and quasi-static 

conditions for the smooth specimen 
ε̇* dimensionless strain-rate ratio 
η stress triaxiality 
f(x) smooth objective function 
J1, J2,J3 first, second and third deviatoric stress invariant 

J(xk) Jacobian matrix 
p hydrostatic pressure 
R local radius of a neck in the round bar specimen 
ri(x) residual function 
RSS residual sum of squares 
σi principal stresses 
σ von Mises equivalent stress 
σm mean stress 
T temperature 
T0 room temperature 
θ Lode angle parameter 
θ normalized Lode angle parameter 
T* homologous temperature 
xdata given input data 
ydata observed output data 
x(t) path, which proceeds to a local minimum to obtain the 

values of the material parameters  
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account. 
Including all five JC material parameters, the well-known standard 

material parameter identification procedure, which is called “forward 
parameter identification method” in this research, is performed by many 
researchers [4,21,17,22,23,24]. However, just a few researchers expli
cated the so-called “backward parameter identification method” only for 
the slightly modified Johnson and Cook fracture strain equation [25]. In 
the present research, in addition to the strain rate dependency and offset 
parameter, two different backward and forward parameter identifica
tion methods for the original and the modified fracture strain constitu
tive equation of Johnson and Cook [4] are analysed and compared, using 
a new type of graphitized free-cutting steel 50SiB8 provided by Swiss 
Steel AG. The material parameters of all variations are explicitly illus
trated for 50SiB8 in this research. Nonlinear thermal behaviour for the 
free-cutting steel 50SiB8 with blue-brittleness effect is also investigated 
and the parameters of the fourth-degree polynomial function are ob
tained, considering the most convenient parameter identification 
method for each Johnson-Cook fracture strain constitutive equation, 
based on RSS-values. The original and blue-brittleness containing 
Johnson-Cook model are validated with FEM simulations, performed in 
Abaqus 6.14–1 with explicit solver, and compared with experiments. 
The blue-brittleness containing model provides better results in the 
above mentioned 600 ◦C temperature range. Additionally, a new frac
ture model is proposed, including the nonlinear temperature factor with 
blue-brittleness and the Lode angle dependent Bai-Wierzbicki model. 

2. Original and modified fracture strain constitutive equation 

Strain at fracture according to Johnson and Cook [4] can be 
expressed as: 

εf =
[
D1 + D2 eD3 η]

⎡

⎣1 + D4 ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎤

⎦[1 + D5 T*] (11)  

where εf is the equivalent strain at failure and D1 to D5 are material 
parameters. The first factor of the equation depends on the stress- 
triaxiality η, whereas the second and third factors depend on strain 
rate ε̇ and temperature T, respectively. ε̇0 is defined as reference strain 
rate. The equivalent strain at failure in Eq. (11) is also commonly used in 
simulation of machining processes, such as in [26]. 

To avoid unwanted effects of the dimensionless strain-rate ratio ε̇* =

ε̇/ε̇0 < 1 in Eq. (11), Børvik et al. [17] have modified the strain rate 
sensitivity factor of the original Johnson and Cook fracture strain 
equation. The slightly modified JC fracture strain model is written as 

εf =
[
D1 + D2 eD3 η][1 + ε̇*

]
D4 [1 + D5T*] (12) 

The reference strain rates ε̇0 for the original and modified JC fracture 
strain equation are set to 0.001 s− 1 and 1 s− 1, respectively. The equiv
alent fracture strain at failure εf in the necking cross-section (axisym
metric bar) can be approximately computed by 

εf = ln
(

A0

Af

)

(13)  

where A0 and Af are the cross-section areas of the specimens before and 
after the tensile test, respectively. The parameter of εf has to be calcu
lated for all fractured specimens using different conditions to identify 
the material parameters Di in equation (11) and (12), as explained in 
Sections 2.1 and 2.2. As well explained by Bai et al. [5], Bao [27] has 
revisited the analytical formula of Bridgman [28] using finite element 
simulation and proposed a corrected equation with a coefficient 

̅̅̅
2

√
, to 

compute the stress triaxiality η for different notched specimens, as an 
improved and acceptable approximation: 

η =
1
3
+

̅̅̅
2

√
ln
(

1 +
a

2R

)
(14)  

where the local radius of a notch in the round bar specimen is R and the 
radius of the necking cross-section is a . In this research, the stress 
triaxiality calculations are based on the revised formula as shown in Eq. 
(14). The range of the stress state parameters in smooth or notched 
round bar specimen for tensile tests is η⩾1/3, as reported in [5,27]. 

2.1. Forward parameter identification method 

The flowchart of the forward parameter identification method for the 
original and modified JC fracture model are summarised in Fig. 1. To 
identify the material parameters D1, D2 and D3 in the first factor of the 
original and modified JC fracture strain equation, quasi-static and 
isothermal tension tests are performed using different notched speci
mens. Under quasi-static and isothermal conditions, the fracture strain 
formula, in Eqs. (11) and (12), converts into 

εf (η) =
[
D1 + D2 eD3 η] (15)  

where the natural logarithm of the strain rate ratio ln
(

ε̇/ε̇0

)

in the 

original JC fracture formula, the ratio ε̇/ε̇0 in the modified equation 
approximately and the homologous Temperature T* get equal to zero. 
The fracture strain with the corresponding Eq. (13) and the stress 
triaxiality, as shown in Eq. (14), are used for each test, to compute the 
three parameters with curve fitting. 

The parameter D4 is determined by performing high strain rate 
tension tests on smooth specimens at different strain rates and ambient 
temperature. Therefore in this case, Eq. (14) converts into ηsmooth equal 
to the value of 1/3 for R≐∞ and Eq. (15) changes into a constant for the 
second factor of the fracture strain equation. The strain rate dependent 
fracture strain function for the original JC is written as: 

εf (ε̇) = εf (ηsmooth)

⎡

⎣1 + D4 ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎤

⎦ (16)  

and for the modified equation: 

εf (ε̇) = εf (ηsmooth)

⎡

⎣1 +
ε̇
ε̇0

⎤

⎦

D4

(17)  

where the homologous Temperature T* is still zero and the fracture 
strain εf (ε̇) with the corresponding strain rate is used to identify the 
parameter D4 with curve fitting. 

Using a similar procedure, the material parameter D5 is calculated 
from different temperature tests with smooth tensile specimens at spe
cific strain rates, which is more accurate than testing under quasi-static 
conditions. The temperature dependent fracture strain equation for the 
original and modified JC is expressed as: 

εf (T) = εf (ηsmooth) εf (ε̇) [1 + D5 T*] (18)  

where εf (ε̇) includes the strain rates for each temperature test. The 
temperature dependent fracture strain εf (T) and the corresponding 
temperature T are used for the identification of D5. 

2.2. Backward parameter identification method 

The backward parameter identification method for the original and 
modified JC fracture model is summarised in Fig. 2. Børvik et al. [25] 
describes a possible backward parameter identification for the material 
parameters of the slightly modified Johnson-Cook model, starting with 
the parameter D4. In this paper, the methodology is also adapted to the 
original JC fracture strain constitutive equation. Starting with the 
identification of the strain rate dependent parameter D4 under 
isothermal conditions, the mathematical expression for the original JC 
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fracture strain function is written as: 

εf (ε̇) = εf0

⎛

⎝1 + D4ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎞

⎠ (19)  

and for the modified equation: 

εf (ε̇) = εf0

⎛

⎝1 +
ε̇
ε̇0

⎞

⎠

D4

(20)  

where εf0 is regarded as the fracture strain at room temperature and 
quasi-static conditions for the smooth specimen [25]. The homologous 
Temperature T* is equal to zero and the fracture strain εf (ε̇) with the 
corresponding strain rate is used to identify the fracture strain εf0 and 
parameter D4. 

The temperature parameter D5 of the slightly modified model is 
identified by considering the actual strain rate in each temperature test 
[25]. The mathematical expression for the original JC equation is: 

εf (ε̇) = εf0

⎛

⎝1 + D4ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎞

⎠(1 + D5 T*) (21)  

and for the modified JC strain rate dependent fracture strain function: 

εf (ε̇) = εf0

⎛

⎝1 +
ε̇
ε̇0

⎞

⎠

D4

(1 + D5 T*) (22)  

where the temperature dependent fracture strain εf (T) is plotted against 
the temperature T for each strain rate to obtain D5. Finally, the pa
rameters from the first factor, which describes the influence of the 
triaxiality on the fracture strain, are determined by testing pre-notched 
specimens. The equation for the original JC stress triaxiality dependent 
fracture strain function, which also includes the quasi-static strain rate 
under isothermal conditions, is expressed as 

εf (η) =
[
D1 + D2 eD3 η]

⎡

⎣1 + D4ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎤

⎦ (23)  

and for the modified JC 

εf (η) =
[
D1 + D2 eD3 η]

⎛

⎝1 +
ε̇
ε̇0

⎞

⎠

D4

(24)  

where ln
(

ε̇/ε̇0

)

gets equal zero and the ratio ε̇/ε̇0 gets approximately 

null, which convert Eqs. (23) and (24) into Eq. (15) again. Ultimately, 
the three stress triaxiality dependent material parameters D1, D2and D3 
are identified using curve fitting. 

3. Material and experiments 

As already mentioned in chapter 2, the following types of tensile tests 
are needed for the parameter identification of the original and modified 
JC fracture strain constitutive equation: quasi-static smooth as well as 

Fig. 1. Forward parameter identification of the original and modified JC fracture strain equation.  
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notched specimen tests at ambient temperature, in addition to SHTB 
tests at different strain rates and temperatures. 

3.1. Material 

Free-cutting steels with graphite inclusions, such as 50SiB8, are 
claimed to perform excellent in machining processes [29]. The graphite 
acts as a solid lubricant, creates small chips and is an environmentally 
friendly alternative to widely used sulphur. 50SiB8 has been produced at 
Swiss Steel AG, starting with the melting process in an electric arc 
furnace, followed by continuously casting. In a continuous furnace at 
Deutsche Edelstahlwerke, the graphitisation has been performed at a 
temperature of 700 ◦C. The large amount of silicon, which is used to 
destabilise the cementite, results in a significantly higher ultimate ten
sile strength compared to low carbon free-cutting steels [29]. 

3.2. Tension specimen test under quasi-static and ambient conditions 

Axisymmetric smooth and notched tensile specimens are tested with 

a constant strain rate of 10− 3s− 1 at ambient temperature, which is 
general accepted and commonly used by several researchers 
[21,17,22,23,30,25,6,5,24,31]. The geometry of the smooth specimens 
is illustrated in Fig. 3. The initial neck radii of the tested notched 
specimens are R = 0.8, R = 4 and R = 10mm, as indicated in Fig. 4. The 
different notch radii permit different levels of hydrostatic tension in the 
samples during straining [17]. To enable the reproducibility, three 
samples of each notch radius are manufactured and tested, including the 
smooth geometry. As shown in Fig. 3 and Fig. 4, the initial diameters of 
the necking cross-section with a value of 6 mm are kept constant for all 
specimens and are measured exactly before testing. 

To obtain the fracture strain on the basis of Eq. (13) for each spec
imen from the test data, an average diameter of the necking cross- 
section is measured using Zoller Venturion 450 measuring machine (E. 
Zoller GmbH & Co. KG, Germany) after the tests are finished. The 
fracture strain outlier of one notched specimen with an initial neck 
radius of 0.8 mm has to be excluded by reason of minimal difference 
between initial and fracture cross-section diameter. The results of the 
diameters are listed in Table 1. 

Fig. 2. Backward parameter identification of the original and modified JC fracture strain equation.  
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3.3. Tension specimen test under high strain rate and high temperature 
conditions by Split Hopkinson tension bar (SHTB) test 

For understanding the response of material for extreme cases in 
manufacturing processes, especially machining processes, SHTB tests 
can be used that facilitate knowing the dynamic stress–strain response of 
materials at high strain rates and temperatures. More details about the 
setup of the SHTB tests can be found in literature, i.e. in [32,33]. The 
details of the specimens are shown in Fig. 5. The specimens used for 
SHTB tests were prepared by wire-EDM cutting from a steel rod having a 
diameter of 65 mm. In this study, as shown by Cadoni et al. [34], a semi- 
conductor strain-gage station is glued on the input bar at 750 mm from 
the specimen in order to record the deformation of the bar caused by the 
incident tension pulse during the propagation toward the specimen. A 
second semi-conductor on the output bar records the deformation 

caused on the bar by the part of the incident pulse which has been 
sustained by the specimen. In order to perform high temperature tests, 
the system is equipped with a water-cooled induction heating system 
[35]. The thermocouple is welded in the middle part of the gauge length 
of the sample. 

To perform the experiment, initially a hydraulic actuator of 
maximum loading capacity of 600kN, is pulling part of the input bar (6 
m) as pretension bar with a diameter of 10 mm. The pretension stored in 
this bar is arrested by a blocking device. The rupture of a fragile bolt in 
the blocking device gives rise to a tensile mechanical pulse of 2.4 ms 
duration with linear loading rate during the rise time (about 30 μs). 
Then the load propagates along the input and output bars and fractures 
the specimen. Images are captured before and after the failure of the 
specimen, in order to characterise the reduced area of the specimen’s 
cross section and fracture strain. 

The list of SHTB tests is given in Table 2. The experiments are per
formed for five different temperatures starting from room temperature 
rising in steps of 200 ◦C up to 800 ◦C for three levels of strain rates. In 
order to reduce the number of experiments, not every temperature was 
combined with every strain rate. The numbers of experiment repetitions 
are mentioned for each strain rate and temperature in Table 2. The re
sults of the experiments are shown in Table 3. In this work the strain 
rates above ε̇ = 500 s− 1 are termed “high strain rates”. 

3.4. Parameter identification 

All material parameters of the original and modified JC fracture 
strain equation are optimised and validated for the material 50SiB8 with 
least squares fit using Levenberg-Marquardt algorithm based on Cole
man and Zhang [36] , according to Levenberg [37] and Marquardt [38], 
and global optimization for each factor in Matlab®, respectively. Eq. 
(25), according to Coleman and Zhang [36], and Eq. (26) show the 
commonly used equations for least squares fit and the executed one for 
the first factor of the original and modified JC fracture strain equation 
using the forward parameter identification method. 

min
x
‖F(c, xdata) − ydata‖

2
2 = min

x

∑

i
(F(c, xdata i) − ydata i )

2 (25)  

Fig. 3. Smooth tensile specimen.  

Fig. 4. Notched tensile specimen.  

Table 1 
Geometrical measurements of the specimens under quasi-static and ambient 
conditions.  

Notch radius 0.8 mm: 
Sample Nr. Initial diameter [mm] Average fracture diameter [mm] 
Sample 1 6.00 5.67 
Sample 3 6.02 5.67  

Notch radius 4 mm: 
Sample Nr. Initial diameter [mm] Average fracture diameter [mm] 
Sample 1 6.00 5.19 
Sample 2 5.99 5.23 
Sample 3 6.00 5.27  

Notch radius 10 mm: 
Sample Nr. Initial diameter [mm] Average fracture diameter [mm] 
Sample 1 6.01 4.90 
Sample 2 5.99 4.90 
Sample 3 5.99 4.91  

Notch radius ∞ mm (smooth): 
Sample Nr. Initial diameter [mm] Average fracture diameter [mm] 
Sample 1 6.00 4.75 
Sample 2 5.99 4.66 
Sample 3 5.99 4.62  
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where c, xdata, ydata are the coefficients, given input data and observed 
output data, respectively. According to Eq. (25), the mathematical 
expression for the first factor parameters of the forward parameter 
identification method is written as 

min
Dk

⃦
⃦εf (Dk, ηdata) − εf (data)

⃦
⃦2

2 = min
Dk

∑

i

(
εf (Dk, ηdatai

) − εf (data)i

)2

for k = 1, 2, 3
(26)  

where Dk is the stress triaxiality dependent parameters in the first factor 
of the fracture strain equation. The parameters of ηdata and εf(data) are the 
calculated initial stress triaxiality from the specimen geometry using Eq. 
(14) and the calculated fracture strain from the area measurements 
using Eq. (13). Similarly, the material parameters of the second and 
third factor are computed and identified using the forward and back
ward parameter identification method. 

Referring to [39], a Taylor-series is used for the residual function 
ri(x), as shown in Eq. (27), to consider a trust-region model [40] . Thus, a 
constrained linear least-squares problem is created 

1
2
‖ri(x)‖2

2 ≈
1
2
‖r(xk) + r′

(xk)(x − xk)‖
2
2 (27)  

min
1
2
‖r(xk) + J(xk)(x − xk)‖

2
2 (28)  

ψ(s) = 1
2
‖r(xk) + J(xk)s‖2

2 =
1
2
‖r(xk)‖

2
+ r(xk)

T J(xk)s+
1
2
sT J(xk)

T J(xk)s

(29)  

‖x − xk‖2⩽Δk (30)  

where J(xk) is the Jacobian matrix at xk, Δk is defined as trust-region 
radius, r(xk) is the residual function at xk and s is set to s = x − xk. 
There are two cases for ‖x − xk‖2, as explained in [39]. In the first case, 
‖x − xk‖2 < Δk, which leads to: 

grad ψ(s) = J(xk)
T J(xk)s+ J(xk)

T r(xk) = 0 for a stationary point (31)  

whereas in the second case ‖x − xk‖2 = Δk, which means: 

grad ψ(s) = J(xk)
T J(xk)s+ J(xk)

T r(xk) = − λks for λk > 0 (32)  

hence, according to Sun and Yuan [40]: 

(J(xk)
T J(xk) + λkI)s = − J(xk)

T r(xk) (33) 

Using the Newton-Method, leads to: 

xk+1 = xk −
∇f (xk)

∇2f (xk)
(34)  

xk+1 = xk −
J(xk)

T r(xk)

(J(xk)
T J(xk) + λkI)

(35) 

The Levenberg-Marquardt method is characterized by the following 
equation: 

(J(xk)
T J(xk) + λkI)sK = − J(xk)

T r(xk) (36)  

according to Sun and Yuan [40]. A global optimum is found by Global 
Optimization Toolbox solvers, which are designed to search through 
more than one local minimum [41]. 

4. Results and discussion 

4.1. Results from the forward parameter identification method 

Starting with the forward parameter identification method of the 
original and modified JC fracture strain constitutive equation, the 
fracture strain – stress triaxiality diagram including the fitted curve of 
Eq. (15) is shown in Fig. 6. The material parameters D1, D2 and D3of the 
triaxiality-dependent first factor are summarized in Table 4 and Table 5 
for the original and modified JC fracture strain constitutive equation, 
respectively. The residual sum of squares (RSS), according to Kleinbaum 
[42], is a measurement of discrepancy between the test data, as indi
cated with black circles, and the estimated model, shown as red curves 
in the present work. The curve fits in the data points well. 

Based on Eq. (16), the fracture strain is plotted as a function of the 
strain rate for 50SiB8 in Fig. 7 on the left-hand side for the original JC 
fracture model. It should be noticed that the reference strain rate is set to 
ε̇0 = 0.001 s− 1 for the original JC fracture strain equation. The strain 
rate range from 500s− 1 to 900s− 1 results in a point cloud due to absent 
data in the low strain rate field. The fracture strain – strain rate diagram 
for the modified JC fracture model, as expressed in Eq. (17) with the 
identified strain rate dependent material parameter, is shown in Fig. 7 
on the right-hand side. The reference strain rate is set to ε̇0 = 1 s− 1 for 
the modified JC fracture model. Independent of the original or modified 
JC fracture model, the limitation can be already seen by computing the 
strain rate dependent parameter of the second factor. The values of the 
material parameter D4 can be found in Table 4 and Table 5 for both JC 

Fig. 5. Specimen geometry for SHTB tests. The location of the output, input strain gages as well as preload strain gages are shown in [35].  

Table 2 
Overview of the SHTB tests.  

Temperature [◦C] Strain-rate [1/s] 

500 900 1700 

20 4 4 4 
200 3 3 – 
400 3 3 – 
600 3 3 – 
800 3 3 –  
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fracture models. 
For the identification of the temperature dependent material pa

rameters, each specified strain rate from around 500s− 1 to 900s− 1 is 
taken into account. Since Eq. (18) is used for both JC fracture models, 
the fracture strain – temperature diagram with the curve fitted function 
for the strain rate of 700s− 1 looks the same for the original and modified 
JC fracture model and is shown in Fig. 8. A nonlinear relation between 

fracture strain and temperature is clearly noticeable. The functional 
dependence on temperature in the JC-fracture strain equations is obvi
ously not sufficient for the analysed free-cutting steel due to a blue- 
brittle reduction of fracture strain as temperature reaches 600 ◦C. A 
proposal for the blue-brittle and temperature factor is given in Section 
4.4. The similar temperature dependent parameters D5 can be found in 
Table 4 and Table 5 for the original and modified JC fracture model, 
respectively. 

4.2. Results from the backward parameter identification method 

In case of the backward parameter identification, the curves, based 
on Eqs. (19) and (20), are shown in Fig. 9 on the left- and right-hand side 
for the original and modified JC fracture model, respectively. The cor
responding identified parameters are εf0 = 0.3880 for the original 
version and εf0 = 0.5916 for the modified JC fracture model. As already 
mentioned, the absent data points in the low strain rate field have an 
obviously influence on the curve. It should be noticed that the reference 
strain rate is ε̇0 = 0.001 s− 1 for the original JC fracture model and ε̇0 =

1 s− 1 for the modified version. The strain rate dependent parameter D4 
can be found in Table 4 and Table 5 for the original and modified version 
of the JC fracture model, determined by the backward parameter 
identification method. 

The identification of the temperature dependent material parameter 
D5 using the backward method and the corresponding curve fitting Eqs. 

Table 3 
results of the SHTB tests.  

Sample 
Nr. 

Temperature 
[◦C] 

Average 
strain rate 

[1/s] 

Initial 
diameter 

[mm] 

Average fracture 
diameter [mm] 

Sample 1 20 1757 3.00 2.05 
Sample 2 20 1617 3.01 2.05 
Sample 3 20 1642 3.00 2.04 
Sample 4 20 907 3.01 2.07 
Sample 5 20 478 3.01 2.08 
Sample 6 400 938 3.00 1.95 
Sample 7 400 510 3.01 2.00 
Sample 8 800 921 3.00 1.40 
Sample 9 800 471 3.00 1.40 
Sample 

10 
200 885 3.00 2.00 

Sample 
11 

200 454 3.01 2.05 

Sample 
12 

600 747 3.01 2.20 

Sample 
13 

600 476 3.00 2.00 

Sample 
14 

400 954 3.00 1.85 

Sample 
15 

400 954 3.00 1.90 

Sample 
16 

400 504 3.00 1.90 

Sample 
17 

400 509 3.00 1.90 

Sample 
18 

800 897 3.00 1.35 

Sample 
19 

800 893 3.01 1.30 

Sample 
20 

800 444 3.00 1.30 

Sample 
21 

800 448 3.00 1.25 

Sample 
22 

20 889 3.00 2.10 

Sample 
23 

20 887 3.00 2.05 

Sample 
24 

20 491 3.01 2.00 

Sample 
25 

20 472 3.01 2.10 

Sample 
26 

20 484 3.01 2.10 

Sample 
27 

20 894 3.01 2.10 

Sample 
28 

20 1678 3.01 2.00 

Sample 
29 

200 464 3.00 2.00 

Sample 
30 

200 463 3.03 2.00 

Sample 
31 

200 898 3.00 2.00 

Sample 
32 

200 876 3.00 2.00 

Sample 
33 

600 468 3.00 2.00 

Sample 
34 

600 446 3.00 2.00 

Sample 
35 

600 924 3.00 2.00 

Sample 
36 

600 919 3.00 2.00  

Fig. 6. Identification of the stress triaxiality dependent parameters D1, D2 and 
D3 for the original and modified JC fracture strain model using the forward 
parameter identification method. 

Table 4 
Material parameters of the original Johnson-Cook fracture equation for 50SiB8.   

D1  D2  D3  D4  D5  

Forward parameter 
identification 

0.0733 0.7204 − 1.5643 0.0371 1.5583 

Backward parameter 
identification 

0.1138 0.3973 − 1.1127 0.0692 1.5723  

Table 5 
Material parameters of the modified Johnson-Cook fracture equation for 50SiB8.   

D1  D2  D3  D4  D5  

Forward parameter 
identification 

0.0733 0.7204 − 1.5643 0.0602 1.6157 

Backward parameter 
identification 

0.1138 1.0958 − 2.4907 0.0360 1.5743  
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(21) and (22) with an exemplary strain rate of 700s− 1 is illustrated in 
Fig. 10 for the original and modified version of the JC fracture model. 
The temperature parameter is shown in Table 4 and Table 5 for the 
original and modified version, in which each specified strain rate from 

500s− 1 to 900s− 1 is taken into account, as already above-mentioned for 
the forward parameter identification method. The nonlinear behaviour 
between fracture strain and temperature cannot be neglected. The linear 
temperature functions from both JC fracture models do not represent the 
behaviour of 50SiB8 steel through the analysed temperature range at all 
due to blue-brittle reduction of fracture strain as temperature reaches 
600 ◦C. As above-mentioned, a proposal for the blue-brittle and tem
perature factor is given in Section 4.4. 

To identify the first factor parameters of the original and modified JC 
fracture strain equation using the backward parameter identification 
method and the corresponding Eqs. (23) and (24), a few assumptions for 
the material parameters have to be considered. According to Børvik et al. 
[25], the value of the parameter D1 should not be lower than the 
calculated data points and the fitted curve has to pass through the 
already identified quasi-static fracture strain data point εf0 = 0.3880 for 
the original and εf0 = 0.5916 for the modified JC facture model, which 
are marked as black squares in Fig. 11. Based on those supporting points, 
the data points of the smooth specimens are not included. A qualitative 
difference can be observed between the original (left image of Fig. 11) 
and the modified (right image of Fig. 11) first factor of the JC fracture 
model, obtained with the backward parameter identification method. 
The quantified values are shown in Table 4 and Table 5 for the original 
and modified version, respectively. 

Fig. 7. Identification of the strain rate dependent parameter D4 for the original (left) and the modified (right) JC fracture model using the forward parameter 
identification method. 

Fig. 8. Identification of the temperature dependent parameter D5 for the 
original and modified JC fracture model using the forward parameter identi
fication method. 

Fig. 9. Identification of D4 and εf0 for the original (left) and modified (right) JC fracture strain equation using the backward parameter identification method.  
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4.3. Comparing forward and back parameter identification method 

The material parameters for two different fracture strain constitutive 
equations, the original and slightly modified JC models, are identified in 
the previous two sub-chapters. The forward and backward parameter 
identification method are used for both, the original and slightly 
modified, JC fracture strain equations, indicating different values for the 
material parameters for free-cutting steel 50SiB8 with graphite inclu
sion. The results of the material parameter identification for the original 
and modified JC fracture strain equation are summarised in Table 4 and 
Table 5, respectively. 

In the case of the stress triaxiality dependent factor with the pa
rameters D1, D2 and D3, the forward parameter identification method 
(FPIM) is preferred for the original JC constitutive equation, as clearly 
shown in Fig. 12 with a lower RSS-value. By contrast, the backward 
parameter identification method (BPIM) should be implemented for the 
modified JC fracture equation, as seen in Fig. 13. Comparing the second 
factors and also the third factors to each other, the RSS-values are quite 
similar in each case. 

4.4. Blue-brittleness behaviour of free-cutting steel 50SiB8 

Irrespective of the parameter identification method, all temperature 
tests of 50SiB8 indicate a non-linear relation between fracture strain and 

Fig. 10. Identification of temperature dependent parameter D5 for the original 
and modified JC fracture strain equation using the backward parameter iden
tification method. 

Fig. 11. Identification of the stress triaxiality dependent parametersD1, D2 and D3 for the original (left) and modified (right) JC using the backward parameter 
identification method. 
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Fig. 12. RSS-value comparison of the three factors using the original JC fracture strain equation.  
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temperature for both JC equations. The temperature data indicate a 
typical behaviour of carbon steels, which is a drop of ductility and leads 
to a blue-brittle reduction of fracture strain as temperature reaches 600 
◦C, in conjunction with high strain rates. Blue-brittleness is an effect of 
dynamic strain aging and needs to be taken into account if the material 
in the cutting process is heated up in or through this temperature region. 
Hence, the temperature factor of both fracture strain constitutive 
equations, the original and slightly modified JC model, are adjusted to a 
fourth-degree polynomial function including the blue brittle effect for 
high strain rates, as shown in Eqs. (37) and (38), respectively: 

εf =
[
D1 + D2 eD3 η]

⎡

⎣1 + D4 ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎤

⎦
[
1 + D5 T* + D6(T*)

2
+ D7(T*)

3

+ D8(T*)
4 ]

(37)  

and for the modified JC equation: 

εf =
[
D1 + D2 eD3 η][1 + ε̇*

]
D4
[
1 + D5T* + D6(T*)

2
+ D7(T*)

3
+ D8(T*)

4 ]

(38) 

The corresponding graphs for the adjusted temperature factors of the 
original and slightly modified JC fracture strain constitutive equation 
are illustrated for a strain rate of 700s− 1 in Fig. 14. Each strain rate from 
around 500s− 1 to 900s− 1 is taken into account. The SHTB tests at high 
strain rates and room temperature, which are not used for the identifi
cation of the temperature dependent material parameters, are included 
to show that the fit seems reasonable, as similar explained in [25] just 
for D5. Those test data are marked blue in Fig. 14. The values of the 
temperature and blue-brittle dependent material parameters, in case of 
high strain rates, are summarised in Table 6. The corresponding RSS 
values for the new adjusted temperature factors are shown in Fig. 15. 
Using the preferred parameter identification method, the RSS-values 
have been reduced more than seventeen times for the temperature fac
tor of the original and modified JC equation. Childs [20] has proposed a 
model with a cubic polynomial function combined with a step function 
for T ≥ 650 ◦C, due to insufficient temperature range from 20 to 500 ◦C, 
where εf gets infinity, based on torsional Hopkinson bar experiments 
(strain-rate ≈2000 s− 1) of a 0.12C re-sulphurized steel, as reported in 
[43]. Due to an extended temperature range used for the experimental 
observations in case of the SHBT, the blue brittle dependent model in 
this study is more accurate. Generally, the dynamic strain aging phe
nomenon is greatly influenced by the test temperature and the strain 
rate. Since only the influence of high strain rates at various temperatures 
are considered in this study (especially for machining simulations), 

additional tests under quasi-static and intermediate strain rates at 
various temperatures are needed, to fully cover the blue-brittle behav
iour of free-cutting steel 50SiB8. 

4.5. Numerical analysis 

The proposed fracture strain model is validated here within a nu
merical simulation model of the SHTB test specimen (Fig. 5). The FE- 
package Abaqus 6.14–1 was used for the simulations and the explicit 
solver was used since element deletion upon damage is not supported in 
the implicit Abaqus/Standard solver. The FE model as well as material 
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Fig. 13. RSS-value comparison of the three factors using the modified Johnson-Cook fracture strain equation.  

Fig. 14. Identification of the new temperature and blue-brittleness dependent 
parameters for the original and modified JC fracture strain equation using the 
forward parameter identification method. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Table 6 
New temperature and blue-brittle dependent material parameters for 50SiB8.  

Temperature and blue-brittle 
dependent parameters: 

D5  D6  D7  D8  

Orig. JC forward parameter 
identification 

− 3.5642 69.5723 − 318.5630 428.9243 

Modi. JC backward parameter 
identification 

− 3.4807 69.0096 − 317.1813 427.9013  
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parameters for 50SiB8 were taken from Klippel et al. [44], who used 
exactly the same SHTB and tensile tests experiments to deduce the 
material parameters for a Johnson-Cook flow stress model. This simu
lation model was extended here with the original JC and the new blue- 
brittleness dependent fracture strain model, expressed in Eqs. (11) and 
(37), to compare with each other and with the experimental data. The 
material parameters of the two fracture strain models, which have been 
used for simulations, are summarized in Table 8. The geometry and the 
FE mesh are shown in Fig. 16. The mesh consists of 14,032 elements 
(types C3D6R and C3D8R) with 16,154 nodes. Left and right to the 
specimen, time dependent displacements were applied in order to model 
tensile loading at certain constant strain rates. The regions of boundary 
condition application are shown in Fig. 17. 

Damage accumulation was considered during the loading according 
to: 

D =
∑Δεpl

εf
(39)  

where Δεpl is the current plastic strain increment and εf is the current 
fracture strain. D = 0 is the undamaged state and upon reaching D = 1 
the corresponding element is deleted. The influence of the damage 
variable on the yield stress is not considered. After complete rupture of 
the cross-section, the fracture strain and the fracture diameter are 
evaluated and compared against the experimental data, as illustrated in 
Table 9. For the quasi-static tests mass scaling was used to keep the 
runtimes at a reasonable level. The original JC and the blue-brittle 
dependent fracture strain models were implemented into a Fortran 
user subroutine VUMAT. In the simulations, physical constants from 
Smolenicki [45] and Johnson-Cook flow stress model coefficients from 
Klippel et al. [44] were used, as provided with Table 7. 

In order to simulate adiabatic heating due to plastic dissipation, a 
Taylor-Quinney coefficient ηTQ = 0.9 was used: 

ΔT =
ηTQ⋅σY

ρ⋅cp
Δεpl (40)  

where ΔT is the temperature increase due to plastic dissipation, ρ the 
density, cp the specific isobaric heat capacity, σY the current yield stress 
and Δεpl the current plastic strain increment. Since adiabatic heating can 
lead to a significant temperature increase, the temperature part of the 
new proposed blue-brittle dependent fracture strain equation was 
limited to a maximum of 2.5 (maximum value of the temperature factor 
at melting temperature, based on the original JC fracture model in Eq. 
(11)): 

max([1 + D5T* + D6(T*)
2
+ D7(T*)

3
+ D8(T*)

4
]; 2.5) (41) 

This limit was set to avoid unrealistically large fracture strains for 
temperatures beyond T = 800 ◦C. This is in contrast to Childs [20], 
where the fracture strain can reach infinite values beyond temperatures 
of 650 ◦C. This behaviour is not considered to be useful in this kind of 
simulations performed here, as fracture becomes almost impossible 
beyond certain temperatures. However, in future investigations testing 
at even higher temperatures should be investigated to gain reliable in
formation about fracture strains towards melting temperature. 

A selection of test cases were numerically simulated and the fracture 
strain and fracture diameter were compared against the experimental 
tests. The fracture strain from the numerical simulation was taken from 
the first integration point at failure (D = 1), the fracture diameter was 
averaged from the circumferential nodes left and right from the fracture 
surfaces, as shown in Fig. 18. The experimental results, as well as the 
numerical results for the classic and the new model are summarized in 
Table 9. Both models reasonably predict fracture strains and diameters 
until T = 400 ◦C, where the new blue-brittle dependent model shows a 
tendency to slightly over-predict the fracture diameter, corresponding to 
smaller fracture strains. Beyond T = 400 ◦C the original JC model fails to 
correctly predict the fracture strain and diameter while the newly pro
posed blue-brittle dependent model performs well and in line with 
experimental results. A comparison of experimental and numerical 
predicted (blue-brittle dependent JC) SHTB specimen shapes after 
rupture at a strain rate of 900/s and different temperatures is provided 
with Fig. 19. A good qualitative agreement can be seen between the 
shapes. 

4.6. Proposed new fracture model 

As detailed described in the introduction, several researchers have 
also shown that the Lode angle affects widely the stress triaxiality 
dependent first factor of the JC fracture strain constitutive equation. For 
that reason, the Bai-Wierzbicki asymmetric fracture locus model with 
lode angle dependency [6] is combined with the Johnson and Cook 
fracture strain equation, as stated below in the form of the first factor. In 
future research, the offset parameter from the first factor of the JC 
fracture strain equation has also to be considered to plot the fracture 
surface correctly and identify the material parameters in a more accu
rate way. 

Due to insufficient experimental data in the lower strain rate region 
(below 500 s− 1), a recommendation for the changed second factor of the 
modified JC fracture strain equation is not applied. For this reason, both, 
the original and modified JC fracture strain equation are used as basis 
for the proposed fracture strain constitutive equation, as listed below. 
The fourth-degree polynomial function is used for the temperature 
dependent factors with blue-brittleness effect, as already above- 

Fig. 15. RSS-values of the new third factors for the original and modified JC 
fracture strain equation, including blue-brittleness effect. 

Table 7 
Physical constants and JC flow stress coefficients, according to Smolenicki [45] and Klippel et al. [44]  

A [MPa] B [MPa] C [-] m [-] n [-] ε̇0
pl[/s]  Tref [K] Tmelt [K] ρ [kg/m3] E [GPa] ν [-] ηTQ [-] cp [J/(kgK)] 

430.9 908.7 0.00447 0.7361 0.3854 0.001 293.15 2006 7850 214 0.334875 0.90 466  
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Table 8 
Material parameters for the original (top) and blue-brittle dependent JC fracture strain equation.  

Fracture strain model Eq. D1[-]  D2[-]  D3[-]  D4[-]  D5[-]  D6[-]  D7[-]  D8[-]  

JC classic (11) 0.0733 0.7204 − 1.5643 0.0371 1.5583 – – – 
JC blue-brittle (37) 0.0733 0.7204 − 1.5643 0.0371 − 3.5642 69.5723 − 318.5630 428.9243  

Fig. 16. Geometry (left) and mesh (right) of the SHTB test specimen, from Klippel et al. [44]  

Fig. 17. Displacement boundary condition application at nodes (marked in red) on the left and right side of the specimen. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 9 
Simulated test cases and comparison to experimental values.  

Initial Conditions Experimental results original JC model New blue-brittle model 

Test 
temperature 
[◦C] 

Strain rate 
simulation[1/s] 

Average strain rate 
experiments [1/s] 

Initial 
Diameter Øf 

[mm] 

FractureStrain εf 

[%] 
Fracture 
Diameter Øf 

[mm] 

Strain εf 

[%] 
Diameter Øf 

[mm] 
Strain εf 

[%] 
Diameter Øf 

[mm] 

20 0.001 0.001 5.99–6.00 46.7–51.9 4.62–4.75 50.2 4.64 46.6 4.73 
20 500 472–491 3.01 72.0–81.8 2.00–2.10 70.5 2.08 65.1 2.15 
20 900 887–907 3.00–3.01 71.3–76.2 2.05–2.10 71.6 2.07 66.1 2.13 
20 1700 1617–1757 3.00–3.01 76.2–81.8 2.00–2.05 72.9 2.05 67.3 2.11 
200 900 876–898 3.00 81.1 2.00 81.4 1.96 77.4 2.01 
400 900 938–954 3.00 86.2–96.7 1.85–1.95 91.3 1.86 76.4 2.02 
600 900 747–924 3.00–3.01 62.7–81.1 2.00–2.20 100.6 1.76 76.1 2.02 
800 900 893–921 3.00–3.01 152–168 1.30–1.40 109.4 1.67 140.5 1.36  

Fig. 18. Plastic strain distribution after rupture of a SHTB test specimen at T = 20 ◦C and a strain rate of 900/s. Left and right fracture surfaces show encircled the 
nodes from which the averaged fracture diameter was determined. 
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Fig. 19. Comparison of experimental (middle column) versus simulated (right column) fracture at a strain rate of 900/s for different temperatures: top at T = 20 ◦C, 
middle: T = 400 ◦C, bottom: T = 800 ◦C. 
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mentioned. The mathematical expression of the new recommended 
fracture strain constitutive equation, using the second factor of the 
original Johnson and Cook, based on Eq. (11), is written as: 

εf =

[(
1
2
(
D1tr e− D2tr η + D5tr e− D6tr η) − D3tr e− D4tri η

)

θ2
+

+
1
2
(
D1tr e− D2tr η − D5tr e− D6tr η)θ + D3tr e− D4tr η

]
⎡

⎣1 + D7st ln

⎛

⎝ ε̇
ε̇0

⎞

⎠

⎤

⎦⋅⋅
[
1

+ D8T T* + D9T (T*)
2
+ D10T (T*)

3
+ D11T (T*)

4 ]

(42)  

and, using the second factor of the modified JC fracture strain function, 
based on Eq. (12), the proposing fracture strain equation is: 

εf =

[(
1
2
(
D1tr e− D2tr η + D5tr e− D6tr η) − D3tr e− D4tri η

)

θ2
+

+
1
2
(
D1tr e− D2tr η − D5tr e− D6tr η)θ + D3tr e− D4tr η

]
⎡

⎣1 +
ε̇
ε̇0

⎤

⎦

D7st

⋅⋅
[
1 + D8T T*

+ D9T (T*)
2
+ D10T (T*)

3
+ D11T (T*)

4 ]

(43) 

In future research, the parameters of these new suggested fracture 
models should be calculated and implemented in simulation of processes 
i.e. nonlinear finite element or element free methods. 

5. Conclusion 

Material parameters of free-cutting steel 50SiB8 for the original and 
modified JC fracture strain constitutive equation are determined in this 
paper. The SHTB and tension experiments are performed under quasi- 
static, isothermal, high temperature and high strain rate conditions 
using smooth and notched tension specimens. Each of the experiments is 
performed at least three times. Two different parameter identification 
methods are used for each JC fracture strain equation to analyse the 
wide influence on the material parameters and to compare explicitly the 
residual sum of squares (RSS) values. Based on these RSS-values, a 
recommendation for each fracture strain equation is given. 

According to the RSS-values and focusing the stress triaxiality factor, 
the forward parameter identification method is recommended for the 
original JC fracture strain equation. In the case of the modified JC 
fracture strain equation, the backward parameter identification pro
cedure is approved. A recommendation for enhancing the strain rate 
factor is not possible. 

Tests at elevated temperature for 50SiB8 indicate a clearly non-linear 
relation between fracture strain and temperature, which is attributed to 
the blue-brittleness effect in those steels. This leads to a fourth-degree 
polynomial function for the temperature and blue-brittle dependent 
factors of both original and modified JC fracture strain equations. Using 
the preferred parameter identification method, the temperature mate
rial parameters which are influenced by blue brittleness, have also been 
determined for the new factor. The fourth-degree polynomial function 
reduces the RSS-values of the temperature and blue-brittle factors more 
than seventeen times for the original and modified JC fracture equation. 
Since only the influence of high strain rates at various temperatures are 
considered in this study (especially for machining simulations), addi
tional tests under quasi-static and intermediate strain rates at various 
temperatures are suggested, to fully cover the blue-brittle behaviour of 
free-cutting steel 50SiB8. 

FE simulations were carried out once with the classical Johnson- 
Cook fracture strain equation and once for the new blue-brittle 
adjusted Johnson-Cook fracture strain equation. Fracture strain and 
fracture diameter were evaluated and compared against the 

experimental SHTB data. Both models reasonably predict fracture 
strains and diameters until T = 400 ◦C. Beyond T = 400 ◦C the classical 
JC model fails to correctly predict the fracture strain and diameter while 
the newly proposed model including the blue-brittleness effect fits well 
with the experimental results. Although the numerical analysis with the 
proposed temperature and blue-brittle dependent parameters of 50SiB8 
can adequately validate the experimental data, it may be not applicable 
under quasi-static and intermediate strain rate conditions. Further 
experimental investigations in the last-mentioned strain rate range are 
suggested. However, in case of machining simulations with high strain 
rates and temperature values, the blue-brittleness effect for free-cutting 
steel 50SiB8 is examined extensively. 

Taking also the stress triaxiality with the Lode angle in conjunction 
with the Bai-Wierzbicki asymmetric fracture locus model for the first 
factor and the blue-brittle dependent factor of both JC equations into 
account, two new recommended fracture strain constitutive equations 
have been proposed. 
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