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ABSTRACT 

 

To periodically check the structural integrity of reactor pressure vessels (RPVs) in service, the surveillance 

tests are conducted. When the reactor operation period is extended, it is important to effectively use the 

limited number of surveillance specimens to satisfy the additional surveillance test requirements. As one of 

the solutions, a fracture toughness evaluation based on the Master Curve (MC) method using miniature 

C(T) specimens with a thickness of 4 mm, of which maximum 8 pieces can be manufactured from the tested 

single surveillance specimen, is expected. In the technical evaluation of JEAC 4206-2016 by the Nuclear 

Regulation Authority in 2020, it was pointed out that there was less empirical data evidencing the 

applicability of the MC method to neutron-irradiated plate base metals and weld metals of Japanese RPV 

steels than to forged base metals. The objective of this study as a part of the project funded by the Agency 

for Natural Resources and Energy is to further expand the data for demonstrating the applicability of the 

MC method to plate base metals and weld metals of irradiated and unirradiated Japanese RPV steels, toward 

the application of the MC method to the actual surveillance tests for Japanese RPVs. The fracture toughness 

tests have been conducted on 5 unirradiated RPV steels so far, and it has been demonstrated that the MC 

method can properly evaluate reference temperature T0 for the tested materials. 

 

INTRODUCTION 

 
To periodically check the structural integrity of reactor pressure vessels (RPVs) in service, the surveillance 

tests are conducted. When the reactor operation period is extended, it is important to effectively use the 

limited number of surveillance specimens to satisfy the additional surveillance test requirements. As one of 

the solutions, a fracture toughness evaluation based on the Master Curve (MC) method using miniature 

C(T) (Mini-C(T)) specimens with a thickness of 4 mm, of which maximum 8 pieces can be manufactured 

from the tested single surveillance specimen, is expected. The MC method is a method to describe the 

relationship between fracture toughness and temperature of ferritic steels using a single exponential curve 

(master curve) characterized by the reference temperature To, assuming that the distribution of fracture 

toughness variation in the ductile brittle transition range follows a Weibull distribution. In Japan, the MC 

method has been standardized as JEAC 4216-2015 (2015) and is cited as a test method in JEAC 4206-2016 

(2016) which defines a fracture toughness evaluation method for in-service RPVs. Discussions are 

underway for the adoption of the MC method in the next revision of JEAC 4201 (2007) which specifies 

surveillance test methods. On the other hand, in the technical evaluation of JEAC 4206-2016 by the Nuclear 

Regulation Authority in 2020, it was pointed out that there was less empirical data evidencing the 

applicability of the MC method to neutron-irradiated plate base metals and weld metals of Japanese RPV 

steels than to forged base metals.  

The objective of this study as a part of the project (2023) funded by the Agency for Natural 

Resources and Energy (ANRE) of Japan is to further expand the data for demonstrating the applicability of 
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the MC method to plate base metals and weld metals of irradiated and unirradiated Japanese RPV steels, 

toward the application of the MC method to the actual surveillance tests for Japanese RPVs.  

 

MATERIALS AND SPECIMENS 

 

The tests were conducted on plates and weld metals, and not on forgings. The specimens were irradiated 

and unirradiated RPV steels from domestic boiling water reactors. The irradiated specimens were taken 

from the residuals of the tested surveillance specimens. The unirradiated materials were the same condition 

as the actual pressure vessel of the specific plant or the equivalent material to the specifications of the 

Boiling Water Reactor (BWR) plant. The need to reduce the consumption of surveillance specimens is 

relatively higher in BWR plants with RPVs that are welded by narrow gap welding. Therefore, irradiated 

materials from BWR plants with narrow gap welding were preferentially selected as the materials to be 

tested because it is important to demonstrate the applicability of the MC method to these plants.  

The list of selected materials and the test matrix are shown in Table 1. The materials to be tested 

are 1 Plate and 2 weld metals as irradiated materials, and 8 base materials (Plate) and 9 weld metals as 

unirradiated materials indicated by ○ or ● in Table 1. Of these, the 5 unirradiated materials (● in Table 1) 

have been tested so far under the ANRE’s project or CRIEPI’s previous study (2023). As for the irradiated 

materials, 0.5 sets of Plant B weld (6 Mini-C(T) specimens) were tested in the ANRE project in FY2022, 

and the remaining 0.5 sets will be tested in FY2023. The materials indicated by ■ in Table 1 have already 

been tested and evaluated by plant manufacturers and are out of the scope of this study. Table 2 shows the 

chemical compositions of the materials tested so far. 

 

Table 1: Matrix of materials selected to be tested within the ANRE’s project and the CRIEPI’s study. 

Plant ID 
Forging or 

Plate 
Welding gap 

Unirradiated Irradiated 

Base Weld Base Weld 

Plant A Plate Normal gap ■ ●※2 ■ - 

Plant B Plate Narrow gap ●※1 ●※1 ○ ○ 

Plant C Forging Narrow gap - ○ - - 

Plant D Plate Normal gap ○ ●※2 - - 

Plant E Plate Narrow gap ●※1 ○ - - 

Plant F Forging Narrow gap - ○ - - 

Plant G Forging Narrow gap - ○ - - 

Plant H Forging Narrow gap - ■ - ■ 

Plant I Forging Narrow gap - ■ - ○ 

Plant J Plate Narrow gap ○ ○ - - 

Plant K Plate Narrow gap ○ ○ - - 
BWR spec 

material 1 
Plate － ○ - - - 

BWR spec 

material 2 
Plate － ○ - - - 

BWR spec 

material 3 
Plate － ○ - - - 

●: Completed, ○: To be tested, -: Not applicable, ■: Tested by plant manufacturers, ※1: Tested in 

ANRE’s project, ※2: Tested in CRIEPI’s study 
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Table 2: Chemical compositions of tested materials [mass%] 
Material C Si Mn P S Ni Mo Cu 

Plant A Weld 0.09 0.29 1.50 0.015 0.005 0.84 0.50 0.13 

Plant B Base 0.18 0.26 1.43 0.005 0.001 0.67 0.58 0.01 

Plant B Weld 0.04  0.39 1.50  0.006  0.007  0.97  0.33  0.01 

Plant D Weld 0.07 0.30 1.53 0.010 0.010 0.69 0.43 0.08 

Plant E Base 0.17 0.26 1.45 0.005 0.003 0.67 0.52 0.01 

 

The elastic modulus, Poisson's ratio and yield strength of the materials at the test temperatures were 

determined in the accordance with JEAC4216-2015. The elastic modulus E [MPa] and the yield strength 

𝜎𝑌𝑆(𝑇) [MPa] are expressed as a function of temperature T [°C] by the following equations, respectively. 

 

𝐸 = 202100 − 62.6𝑇                         (1) 

𝜎𝑌𝑆(𝑇) = 𝜎𝑌𝑆(𝑅𝑇)exp {[481.4 − 66.5ln(𝜎𝑌𝑆(𝑅𝑇))] [
1

𝑇+273
−

1

293
]}                  (2) 

 

where 𝜎𝑌𝑆(𝑅𝑇) is the yield strength at room temperature. Poisson's ratio ν was set to 0.3 regardless of 

temperature. Table 3 shows the tensile properties of each material at room temperature. 

 

Table 3: Tensile properties of tested materials at room temperature [MPa] 
Material 0.2% proof stress Tensile strength 

Plant A Weld 583 718 

Plant B Base 512 646 

Plant B Weld 561 632 

Plant D Weld 570 625 

Plant E Base 590 667 

 

The thickness, weld metals, welding method, and heat treatment of the welded joint material used 

in this study are equivalent to RPVs of Japanese BWR plants. Before the specimens were taken from the 

weld metals, etching the cross-section of welded joint with nital to confirm that there was no visible 

inclusions or defects. The sampling position and orientation of the Mini-C(T) specimens were in accordance 

with the SA-2220 of JEAC4201-2007, which specifies the sampling position and notch direction for 

surveillance specimen. For the base metal, the Mini-C(T) specimens were taken at 1/4 thickness from the 

surface, and for the weld metal, at least 13 mm away from the weld root and surface, and near the center of 

the welded joint. The orientation of Mini-C(T) specimen was T-L orientation. 

Figure 1 shows the geometry of the Mini-C(T) specimen. The notch length of the specimen was 

3.0 mm. In the subsequent fatigue pre-cracking process, fatigue pre-cracks were introduced until the crack 

length measured on both sides of the specimen became 0.8 mm (the difference in crack extension length on 

both sides was within 0.1 mm). Because of a thumbnail-like crack front shape, the initial average crack 

length was approximately 4.0 mm. All specimens were machined and pre-cracked using the same process. 

 



27th International Conference on Structural Mechanics in Reactor Technology 

Yokohama, Japan, March 3-8, 2024 

Division II  

 
Figure 1. Geometry of Mini-C(T) specimen (unit: mm) 

 

 

TESTING METHOD 

 

The testing machines used for the fracture toughness test were an electric uniaxial testing machine with a 

load capacity of 100 kN and a hydraulic uniaxial testing machine with a load capacity of 10 kN. A 

thermostatic chamber surrounding the specimen, the clevises and part of the loading rod was installed, and 

cooling was performed by spraying liquid nitrogen into the chamber. Thermocouples were attached to the 

specimens to control the specimen temperature at the specified test temperature. 

Fracture toughness tests and evaluations were conducted in accordance with JEAC 4216-2015. In 

the fracture toughness test, a monotonic tensile load was applied to the specimen, and the load and 

displacement of the front surface of the specimen was obtained until the specimen ruptured, from which 

the fracture toughness KJc was calculated. The displacement of the front surface of the specimen was 

measured using a strain gage extensometer. Since the evaluation required load-line displacement, the 

measured front face displacement was converted to the equivalent load-line displacement by multiplying a 

conversion factor of 0.73 according to JEAC4216-2015. 

The stroke displacement was controlled to keep the stroke speed of the testing machine constant, 

and the stroke speed was set in the range of 0.13 to 0.27 mm/min to meet the loading speed range specified 

in MCT-4310 of JEAC4216-2015. The test temperature range and number of tests, N, for each material are 

shown in Table 4. 

 

RESULTS 

 

Test Results and T0 Evaluation 

 

Figure 2 shows the relationship between temperature and the fracture toughness converted to the equivalent 

of 1T-C(T) specimen, KJc(1Teq), for each material. KJc(1Teq) was calculated by the following equation. 

 

𝐾𝐽𝑐(1𝑇𝑒𝑞) = 𝐾𝑚𝑖𝑛 + [𝐾𝐽𝑐 − 𝐾𝑚𝑖𝑛](𝐵 𝐵1𝑇⁄ )1 4⁄                (3) 

 

where B is the thickness of the Mini-C(T) specimen, and B1T is 1 inch (25.4 mm). The solid red curve in 

Figure 2 is given by converting KJc(limit) to the equivalent of a 1T-C(T) specimen, where KJc(limit) is the 

censoring criteria specified in the standard by following equation. 

 

𝐾𝐽𝑐(𝑙𝑖𝑚𝑖𝑡) = √
𝐸𝑏0𝜎𝑌𝑆(𝑇)

30(1−𝜈2)
                        (4) 



27th International Conference on Structural Mechanics in Reactor Technology 

Yokohama, Japan, March 3-8, 2024 

Division II  

 

where b0 is the ligament length. If an individual KJc exceeds KJc(limit), the datum is treated as a censored 

value; if KJc is below KJc(limit) and the amount of ductile crack growth is also below the criteria, the datum is 

treated as uncensored data. In addition, only uncensored data in the range of T0 ± 50 °C are used to calculate 

T0 according to MCT-5200 of JEAC4216-2015. Two data of Plant D Weld were rejected because they are 

out of the range of T0 ± 50 °C. The number of uncensored data r for each material is shown in Table 4. One 

of several conditions for establishing a valid T0 is that the number of valid data r must meet the criteria 

specified in MCT-5200 of JEAC4216-2015. For all the materials, r met the criteria. In all the materials, all 

the conditions for T0 validity were met, and a valid T0s were determined. The obtained T0s are shown in 

Table 4. 

The temperature dependence of fracture toughness in the MC method is represented by the following 

equation, which is shown as a solid black curve in Figure 2. 

 

𝐾𝐽𝑐(𝑚𝑒𝑑) = 30 + 70exp[0.019(𝑇 − 𝑇𝑜)]                      (5) 

 

The black dashed lines in Figure 2 are the 2% and 98% confidence limits for fracture toughness 

variation, which are given by the following equations respectively. 

  

𝐾𝐽𝑐(0.02) = 24.1 + 29.0exp[0.019(𝑇 − 𝑇0)]                 (6) 

𝐾𝐽𝑐(0.98) = 35.5 + 108.3exp[0.019(𝑇 − 𝑇0)]                (7) 

 

Comparing the temperature dependence of KJc for each material with the master curve, it was 

confirmed that the temperature dependence of fracture toughness generally follows the master curve within 

the test temperature range.  

 

Table 4: Evaluation results of reference temperature T0 

Material 

Test 

temperature 

range, ℃ 

Number of 

specimens N 

Number of 

uncensored 

data r 

To , ℃ 

Plant A Weld -100 to -60 30 25 -55.1 

Plant B Base -160 to -130 24 21 -128.5 

Plant B Weld -110 to -100 24 20 -77.6 

Plant D Weld -110 to -60 30 22 -41.9 

Plant E Base -140 to -120 24 23 -107.1 
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(a) Plant A Weld (b) Plant B Base 

  

  
(c) Plant B Weld (d) Plant D Weld 

  

 
(e) Plant E Base 

Figure 2. Relationship between 1T-equivalent KJc and test temperature with the determined Master 

Curve 
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Evaluation of Weibull parameters 

 

The MC method assumes that the variation in fracture toughness follows a Weibull distribution with three 

parameters based on the weakest link model. In those three parameters, the position parameter Kmin, which 

corresponds to the lower limit of values that fracture toughness can take, is fixed at 20 MPa√m, and the 

Weibull exponent m is fixed at 4. The variation of the obtained fracture toughness measurements was 

examined to determine whether it follows the Weibull distribution, which is the premise of the MC method. 

Since multiple fracture toughness values at the same temperature are required for the evaluation, data from 

the test temperatures with a relatively large number of tests were targeted. Figure 3 shows Weibull plots 

for each test temperature for each material. All the data including censored data at each test temperature 

were used for the evaluation. Kmin of the Weibull distribution was set to 20 MPa√m, and the cumulative 

failure probability p was the median rank given by the following equation. 

 

𝑝 = (𝑖 − 0.3) (𝑁𝑡 + 0.4)⁄                                    (8) 

 

where i is the rank and Nt is the number of tests for each temperature. The approximate straight lines for 

each data set are shown in the figure as solid lines. The data for each material and each temperature are 

generally aligned linearly in the Weibull plot, confirming that the data variation follows the Weibull 

distribution well. m (slope of the approximate straight line) was evaluated only for uncensored data without 

pop-in. Figure 4 shows the relationship between the number of tests and m, together with the literature 

values from Wallin (1984). This literature demonstrated the variation in m from m = 4 depending on the 

number of tests by simulating a hypothetical sample data following the Weibull distribution. In Figure 4, 

the solid line, the single-dotted line, and the dashed lines indicate the 90%, 95%, and 99% confidence 

intervals, respectively. The m values for each material at each temperature were all within the 95% 

confidence interval. Thus, the distribution of fracture toughness for the tested materials generally follows 

the Weibull distribution assumed by the MC method. 

From the above investigation, we confirmed that the temperature dependence and variation 

distribution of fracture toughness of the five unirradiated RPV steels tested (two plates and three weld 

metals) generally follow the assumptions of the MC method, and that the MC method using Mini-C(T) 

specimens can be applied to evaluate the reference temperature T0. 
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(a) Plant A Weld (b) Plant B Base 

  

  
(c) Plant B Weld (d) Plant D Weld 

  

 
(e) Plant E Base 

Figure 3. Weibull plot of 1T-equivalent KJc values at each temperature for the tested materials 
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Figure 4. Comparison of the expected variation in the relationship between the Weibull exponent m and 

the number of tests from the literature (1984) and the present test results 

 

CONCLUSION 

 

In this report, as part of the ANRE’s project and CRIEPI’s study, Master Curve method using Mini-C(T) 

specimens were conducted on five unirradiated RPV steels (two plates and three weld metals) equivalent 

to Japanese RPV steels, and the applicability of Master Curve method was investigated. The main results 

obtained are listed below. 

(1) 48 and 84 (a total of 132) fracture toughness measurements were obtained for two plates and three 

weld metals, respectively, by testing according to the Japanese standard JEAC4216-2015, and a valid 

reference temperature T0 was obtained for each material. 

(2) It was confirmed that the temperature dependence of fracture toughness generally follows the 

exponential function assumed by the MC method. 

(3) For each material at each test temperature, the variation of the Weibull exponent m from m = 4 which 

is the assumption of the MC method was within the 95% confidence interval of the expected variation. 

(4) From the above results, it was confirmed that the temperature dependence of fracture toughness and 

the variation distribution of fracture toughness of the five unirradiated tested RPV steels generally 

followed the assumptions of the MC method, and that the MC method using Mini-C(T) specimens can 

be applied to evaluate the reference temperature T0. 
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