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INTRODUCTION 
Consideration of the deformation and fracture behaviour under high strain rate becomes important in recent 
evaluation of structural integrity of nuclear power plant. For example, flying objects by tornado, or aircraft 
impact instruments of nuclear power plants. For the evaluation of such high strain rate events, it is essential 
to know material properties under high strain rate condition as basic information. However, test methods 
to obtain such material properties are subjected to the restriction of the strain rate and it is impossible to 
obtain them only by a single test machine. In this work, deformation and fracture behaviour for various 
steels in wide range of strain rate are obtained by using several test methods. In addition, the effect of stress 
triaxiality dependence on the material properties are also investigated. 

 
METHOD 
Two ferritic steels (SM400C and STPT410 in JIS Standards) and austenitic steel (SUS304 in JIS Standards) 
are selected as material. The chemical compositions are shown in Table 1. Tensile tests at the strain rates 
of 0.001/s, 0.01/s and 0.1/s were performed by normal-speed tensile test machines, those by 1/s, 10/s, and 
100/s were performed by hydraulic high-speed tensile test machine (Shimadzu HITS-TX) as shown in 
Figure 1. The strains rate is defined for gauge length. However, we find that it is better to use distance 
between grips as reference length to calculate strain from our finite element analysis than the gauge length. 
Therefore, the resulted strain is smaller than the pre-defined strain rate. Strain rates above 100/s were 
performed by impact tensile tests using tensile type split Hopkinson bar (SHB) test machine (Ogawa and 
Sugiyama, 2004) as shown in Figure 2. The SHB test machine consists of 4m length input and output bars 
made by aluminium alloy. The length and the light material enable to impose big strain to a specimen.  

 
Smooth round-bar and circumferentially notched test pieces, where the stress triaxiality at the notch 

was higher than 1/3, were used as shown in Figure 2. To unite the shapes of the specimens, brims, which 
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should not be used in SHB testes, are not made for the specimens. Strain rate of gauge, 0.001/s, 0.01/s, 
0.1/s, 1/s, 10/s, and 100/s corresponds to strain rate between grips of 0.00083/s, 0.083/s, 0.83/s, 8.3/s, and 
83/s for ferritic steels and that of 0.00071/s, 0.071/s, 0.71/s, 7.1/s, 71/s for SUS304. The diameter of the 
round bar and the smallest diameter of the notched specimen were both 3mm and the notch radius was 0.5, 
1.0 or 1.5mm as shown in Figure 4. 

 
Table 1: Chemical composition of steel materials. 

Material 
Chemical composition (mass%) 

C Si Mn P S Ni Cr 

SM400C 0.13 0.20 1.03 0.017 0.006   

STPT410 0.20 0.19 0.84 0.016 0.003   

SUS304 0.05 0.40 1.08 0.032 0.005 8.07 18.12 
 

 
Figure 1. High speed tensile test machine. 

 
Figure 2. Tensile type SHB test machine. 
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(a) round bar specimen for the ferritic steels 

 
(b)round bar specimen for SUS304 

    
 (c) notched bar specimen for ferritic steel     

 
(d)notched round bar specimen for SUS304 

Figure 3. Test pieces for normal tensile tests. Units are mm. “A” indicates circumferential notch in Figure 
4. It is noted that the grip size depends on a test machine. 
 

  
(a)notch radius 0.5mm            (b)notch radius 1mm               (c)notch radius 1.5mm 

Figure 4. Circumferential notches of test pieces 
 
In this work, stress triaxiality, TF is defined as,  

TF ൌ
σଵ  σଶ  σଷ

3σୣ
, (1) 

where 𝜎 and 𝜎ୣ are principal stress and equivalent stress, respectively. TF of a circumferentially cracked 
test piece TF୲୮ is calculated from Bridgman’s equation (Bridgeman, 2013) ( as,  

TF୲୮ ൌ
1
3
 ln ቀ1

𝑟
2𝑅
ቁ, 

(2) 

where r is minimum radius of a circumferentially cracked test piece and R is a notch radius.  TF୲୮ of the 
circumferentially notched test pieces whose R is 0.5, 1.0 and 1.5mm notch results stress triaxiality of 1.25, 
0.893, and 0.739, respectively.  
 

Nominal stress 𝜎୬ and nominal strain 𝜀୬ are transformed into true stress 𝜎୲ and true strain 𝜀୲ as, 
𝜎୲ ൌ 𝜎୬ሺ1 𝜀୬ሻ, (3) 

𝜀୲ ൌ lnሺ1  𝜀୬ሻ. (4) 

The Johnson-Cook constitutive law (Johnson and Cook, 1985) is used to represent these true stress and 
strain as,  

𝜎 ൌ ൫𝐴  𝐵𝜀̅൯ ቆ1 𝐶 ln
𝜀̅ሶ
𝜀 ̅ሶ
ቇ, 

(5) 

where A, B, C, and n are material constants, 𝜀̅ , 𝜀̅ሶ  are 𝜀̅ሶ  equivalent strain, equivalent strain rate and 
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reference equivalent strain rate. In order to consider yield plateau, the Johnson-Cook constitutive law is 
extended as,  

𝜎 ൌ ൛𝐴  𝐵〈𝜀̅ െ 𝜀௨̅〉ൟ ቆ1 𝐶 ln
𝜀̅ሶ
𝜀 ̅ሶ
ቇ, 

(6) 

where, 𝜀௨̅ is strain at the plateau, and 〈∙〉 is Macaulay bracket.  
 
The strain rates of notched specimens are measured by digital image correlation (DIC) analysis for 

the high-speed tensile tests and the SHB tests. The test pieces are painted by random patterns and strain is 
measured by the correlation of the pattern from images recorded by high-speed cameras. MEMRECAM 
ACS-1 (nac Image Technology, Inc.) was used for the SHB tests as shown in Figure 5.  Sample test images 
are shown in Figure 6. DIC analyses were conducted by GOM Correlate Professional as shown in Figure 
7. Basically, 3D-DIC analysis by using two cameras was used to measure deformation in three directions 
as shown in Figure 5. 2D-DIC analysis was only used for notch radius=0.5mm at high-speed tensile tests 
where 3D-DIC analysis was impossible due to the narrow notch. It is noted that 3D-DIC analysis enables 
to measure deformation along depth, however, the measured deformation along depth was very small and 
2-DIC analysis can be acceptable. The strain rate during the deformation shows constant trend for the SHB 
tests and average strain beyond the strain of 1% is considered as strain rate. The strain rate at the notch 
during the deformation shows constant trend for the SHB tests and average strain beyond the strain of 1% 
was considered as the strain rate of the notched specimen. The strain rate at the notch during the deformation 
shows increasing trend for the high-speed tests and average strain from the strain of 5% to 20%, where 
uniform elongation is assumed, was considered as the strain rate of the notched specimen. The strain rate 
of normal tensile tests, where DIC analysis was not conducted due to the cost problem, was guessed from 
relation between the strain rate of the notch and the imposed strain rate of the gauge for the SHB tests and 
the high-speed tensile tests. 
 

  
Figure 5. High speed camera for SHB tests 

(MEMRECAM ACS-1, nac Image Technology, Inc.) 

 
(a) before impact tensile test (0μs) 

 
(b) 100μs 

 
(c) 200μs 

 
(d) 300μs 

Figure 6. Sample images of SHB tests by 
high-speed camera. 
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Figure 7. A sample DIC analysis image of a SHB test. 

 
After a tensile test, reduction of area, RA, is calculated as,  

RA ൌ 1െ ൬
𝑟ଵ  𝑟ଶ
2𝑟

൰
ଶ

, 
(7) 

where, 𝑟ଵ, and  𝑟ଶ are measured diameters at ruptured surface and 𝑟 is initial diameter at gauge. From RA, 
true fracture strain, 𝜀 is calculated as,  

𝜀 ൌ ln ൬
1

1െ RA
൰. 

(8) 

 

RESULTS AND DISCUSSION 

From the tensile tests, stress strain (SS) curves of these three types of steels were obtained. The resulted 
strain rates were around 1000/s for SUS 304 and 500/s for the ferritic steels. The difference in the strain 
rate came from simply their gauge length, 5mm and 10mm. SS curves obtained by normal and high-speed 
tensile tests are smooth while those obtained by impact tensile tests are wavy due to spherical wave, which 
is generated between a specimen and an output bar, as shown in Figures 8 and 9. Yield stress increases as 
with increasing the imposed strain rate increases as most of other steels. Those suggests those three tensile 
test methods are consistent. SS curves of two ferritic steels are represented by Johnson-Cook type 
constitutive law as shown in Figure 8 For the SM400C steel, yield plateau effect is observed and the 
extended Johnson-Cook low as eq.(6) is used. On the other hand, SS curve of austenitic steel cannot be 
represented well by Johnson-Cook type constitutive law as shown in Figure 9. In order to represent the SS 
curve of austenitic steel, we used modified Johnson-Cook type constitutive low in elsewhere (Seo et al., 
2022, Seo et al., in press). 
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Figure 8. Stress-strain relations of STPT410 (Solid lines and dotted lines indicates expermental 
values and calculated values by the Johson-Cook  law, respectively.) 
 

 
Figure 9. Stress-strain relations of SUS304 (Solid lines and dotted lines indicates expermental 
values and calculated values by the Johson-Cook law, respectively.) 
 
The stress triaxiality dependence of fracture strain does not depend on strain rate for the ferric carbon 

steels as shown in Figure 10. The fracture strain is almost constant in the same condition. On the other hand, 
it depends on strain rate for SUS304 as shown in Figure 11. The fracture strain does not decrease as strain 
rate increases below the strain rate of 1/s, it drastically decreases around the strain rate of 1/s, and it 
gradually decreases as strain rate increases beyond the strain rate of 1/s. It is found that the strain rate 
dependent behaviour is quite different between ferritic steel and austenitic steel. Our X-ray diffraction 
analysis and electron back scatter diffraction confirmed α’ phase only below raptured test pieces which was 
subjected to strain rate below 1/s. The martensitic transformation makes the volume expansion and reduces 
RA. It suggests that the strain rate dependence of fracture strain of SUS304 occurred by deformation 
induced martensitic transformation, which does not occur in high strain rate. This is also a reason not to 
represent SS curves by the original Johnson-Cook law. 
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The fracture strain decreases as the stress triaxiality increases for the tested steels. The trends are 
consistent with conventional stress triaxiality dependent fracture strain models such as Rice and Tracey 
model (Rice and Tracey, 1969). However, the dependence of the fracture strain tends to be weaker than the 
models. 

 

 
Figure 10. Stress triaxiality dependence of true fracture strain of STPT410 test piece 

 

 
Figure 11. Stress triaxiality dependence of true fracture strain of SUS304 test piece 
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SUMMARY 

In this work, we investigated dependence of SS relations and fracture strains on strain rate, and stress 
triaxiality of two ferritic carbon steels and one austenitic steel. It is found that the strain rate and stress 
triaxiality dependence of fracture and deformation properties are quite different between the ferritic steels 
and the austenitic steel. The temperature dependence of the properties is now investigated and will be 
presented in the conference. 
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