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Estimation of Fracture Resistance Curves of Nuclear Materials Using Small Punch
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Abstract

Elastic-plastic fracture mechanics is popularly used for integrity evaluation of major components, however,
it is not easy to extract standard specimens from operating facility. This paper examines how ductile fracture
toughness is characterized by a small punch testing technique in conjunction with finite element analyses
incorporating a damage model. At first, micro-mechanical parameters constituting Rousselier model are
calibrated for typical nuclear materials using both estimated and experimental load-displacement (P-8) curves
of miniaturized specimens. Then, fracture resistance (J-R) curves of relatively larger standard CT specimens
are predicted by finite element analyses employing the calibrated parameters and compared with
corresponding experimental ones. It was proven that estimated results by the proposed method using small
punch specimen is promising and might be used as a useful tool for ductile crack growth evaluation.
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Table 1 Chemical composition of nuclear materials (wt%)

Material C Mn P S Si Ni Cr Mo Cu N Al
Low alloy steel (YS) | 0.210 | 1.360 | 0.007 | 0.002 | 0.240 | 0.920| 0.210 | 0.450 | 0.030 0.005
High Cr steel (G91) | 0.091 | 0.395 | 0.019 | 0.0003 | 0.314 | 0.093] 8.916 | 0.915 | 0.093 | 0.035 | 0.026
Stainless steel (316L) | 0.020 | 1.050 | 0.024 | 0.005 | 0.570 | 10.38 | 16.96 | 2.110 | 0.190 | 0.033
Stainless steel (321) | 0.049 | 1.390 { 0.026 | 0.001 | 0.610 | 9.200 | 17.19 | 0.110 | 0.170 | 0.008
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Table 2 Mechanical properties of nuclear materials

Yield Tensile

Material Strength Strength

(MPa) (MPa)
Low alloy steel (Y5) 400 596
High Cr steel (G91) 480 687
Stainless steel (316L) 255 608
Stainless steel (321) 100 600

Puncher
Upper die 2.4 mm Ball
Screw

Lower die

Specimen : 10X 10 X 0.5 mm

Fig. 1 Schematic drawing of small punch test facilities
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(b) 316L and 321 stainless steels

Fig. 2 Experimental P-6 curves of small punch
specimens

Fig. 3 FE mesh of small punch specimen
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Table 3 Calibrated parameters of Rousseliermodel ~ }  } - Y5-SP-Testl
Y5-SP-Test2
Material 0; D fo I 20t & Y5-SP-Rousselier

Low alloy steel (Y5) | 430 | 1.0 | 0.0003 0.2

High Cr steel (G91) | 1000 | 3.0 | 0.0003 0.2

Stainless steel
(316L)

Stainless steel (321) | 1500 | 4.3 | 0.0004 { 0.15

Load (kN)

800 [ 2.7 | 0.0001 | 0.15

00E

00 05 10 15 20 25 30
ABAQUS), & Autgkol nau|nd wpFAE RBA} Displacement(mm)
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Fig. 5 Typical FE analysis results of small punch
Specimen
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(a) Quarter model considering symmetric condition
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(b) Enlarged cell mesh in front of crack tip

Fig; 6 FE mesh of standard CT specimen

Table 4 Comparison of power law fitting constants of
experimental J-R curves

J-R_Testl J-R_Test 2
C, C, C; C,
Low alloy steel (YS) | 850 | 0.65 | 800 | 0.65
High Cr steel (G91) 800 | 065 | 840 | 0.68
Stainless steel (316L) | 1250 | 0.65 | 1280 | 0.65
Stainless steel (321) 910 | 0.65 j 950 | 0.65
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Fig. 7 Comparison of experimental and estimated J-R
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