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ABSTRACT 
 
The first PWR in Korea, Kori Unit 1, has been operated since 1978. The beltline circumferential weld of 
Kori-1 is a high copper Linde 80 flux weld and it showed irradiation sensitivity on reactor vessel 
embrittlement. The surveillance test data indicated that Charpy properties of the weld would not satisfy 
the screening criteria on the upper shelf energy and the reference temperature before the end of the 
operating license period. According to the regulatory rules, therefore, an equivalent safety margin analysis 
was conducted by using the fracture mechanics testing and evaluation methods. From the J-R ductile 
fracture tests at high temperature and the KJC cleavage fracture tests at transition temperature region, it is 
concluded that extra margins of the reactor vessel integrity remain during its operating period and the 
extended end of lifetime. 
 
INTRODUCTION 

 
The integrity of reactor pressure vessel (RPV) is the primary concern for the safe operation of light water 
reactors. The beltline region of a reactor vessel is exposed to fast neutron irradiation, which may cause a 
severe embrittlement on some ferritic steels, especially base and weld metals containing high copper 
contents. The reactor pressure vessel of Kori-1 was fabricated with the Mn-Mo-Ni/Linde 80 flux 
submerged-arc weld metals on the SA508-cl.2 steel forged shell. Because of the relatively high copper 
contents, the Linde 80 weld metals have shown low upper shelf toughness as well as the large shift in 
transition-temperatures. 

 
The Korean regulatory rules on the reactor vessel surveillance tests, which are similar to the US federal 
regulations in 10CFR50, prescribe the screening values of the Charpy V-notch impact data from 
conventional surveillance tests for pressurized water reactors. The criteria are as below: 
 - The Charpy upper shelf energy (USE) should not be less than 68 J. 
 - RTPTS, which is a reference temperature of RTNDT at the inner surface of the vessel at EOL (end 
of life), should be less than 149oC for circumferential welds and 132oC for other RPV materials. 

 
If it would be expected that the vessel properties do not meet the screening criteria before the end of 
license period, safety evaluations should be carried out by using additional fracture toughness data and/or 
advanced fracture mechanics methodology.  
 
Kori-1 is the first commercial nuclear power plant in Korea with gross capacity of 587 MWe. It was shut 
down after 40 year commercial operation since 1978. During its operating period of 1978~2017, 
irradiation embrittlement of RPV was the most critical issue for the plant lifetime management. The 
circumferential weld in the Kori-1 reactor vessel beltline has encountered the above screening criteria 
issues due to its high content of 0.23 wt% copper, like other Linde 80 weld plants in the USA. To resolve 
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these issues for operation of 40 years, fracture mechanics testing and evaluation were conducted using the 
1X-WOL (1-inch thick wedge-opening-loading) and PCC (precracked Charpy) specimens, which had 
been reserved and reconstituted from the previous surveillance tests.  
 
CHARPY IMPACT TEST RESULTS FROM SURVEILLANCE PROGRAM 
 
Figure 1 shows the Charpy impact test data from six sets of surveillance specimens for the Kori-1 beltline 
weld. Because the Charpy impact properties of other base metals are all superior to the screening criteria, 
the circumferential weld metal is only focused on the evaluation of irradiation embrittlement. The neutron 
fluence accumulated to the vessel inner surface is estimated about 3.7x1019n/cm2 (E>1MeV) after 40 year 
operation. 
 
Based on the data in Figure 1, Charpy upper shelf energy (USE) of the weld was predicted to decrease 
down to 68 J after about 10 year operation. Therefore, equivalent margin analyses were conducted by the 
elastic-plastic J-R fracture mechanics methods from the early stage of the plant operation.  
 
RTPTS was predicted to increase up to 149oC after about 35 year operation. To resolve this issue, series of 
cleavage fracture toughness tests were conducted by using reconstituted precracked Charpy specimens in 
the ductile-brittle transition temperature range.  
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Figure 1. Charpy V-notch impact data from surveillance tests of a Linde 80 weld.  
 
 
EVALUATION OF J-R FRACTURE RESISTANCE CURVES 
 
10 CFR 50, Sec. 60 and Appendix G describe the requirements of fracture toughness at the upper shelf 
temperature region for normal operation. If the Charpy USE is below the screening limit, 68 J, an 
equivalent safety margin should be demonstrated by performing a full volumetric inspection of beltline 
region of the RPV, additional fracture toughness testing, the fracture mechanics analysis, and so on. For 
the beltline circumferential weld of Kori-1, which is the Linde 80/WF233, an equivalent margin analysis 
was performed by the USNRC Regulatory Guide 1.161 including J-R fracture toughness tests of the 
surveillance specimens. The 1-inch thick WOL specimens were used for J-R tests after shortening the 
ligament to prevent a possible arm-bending. Fig. 2 shows that the J-R test results of Kori-1 surveillance 
specimens can be bounded by the characteristic J-R curves of Linde 80 welds from the US database 
model. Then the 2σ lower bound J-R curve of Linde 80 welds was compared with the calculated J for 
service loading conditions where both the pressure and thermal loadings are applied to the postulated 
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surface flaws. It was concluded that there is a margin against the ductile crack initiation and the unstable 
crack propagation even though the USE decreased to 50 J. The actual margin for Kori-1 reactor vessel 
may have originated from the circumferential orientation of the weld as well as a relatively small size of 
the pressure vessel.  
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Figure 2. J-R curve data obtained from surveillance specimens of a Linde 80 weld. 
 
 
EVALUATION OF CLEAVAGE FRACTURE TOUGHNESS IN THE TRANSITION REGION 
 
ASME Code Section XI, Appendix G and Code Case N-629 describe an alternative determination of the 
reference temperature RTNDT based on the fracture toughness test properties. ASTM E1921 is the standard 
method for determination of the fracture toughness reference temperature, To, in the transition 
temperature region. Since To is determined by the direct fracture toughness tests using precracked 
specimens, it is considered to give more realistic fracture toughness transition characteristics than the 
Charpy V-notch tests, especially for the low toughness materials like Linde 80 welds. 
 
Cleavage fracture toughness tests were carried out for the beltline weld of Kori-1. Unirradiated PCC (pre-
cracked Charpy) specimens were machined from the archive material of WF233. Four sets of irradiated 
PCC specimens with different neutron dose were tested by the ASTM E1921 standard method after 
reconstitution of the broken halves of surveillance Charpy specimens. Comparing with the test data with 
un-irradiated specimens, the shifts in the fracture toughness reference temperatures are plotted in Figure 3 
with respect to neutron irradiation dose. Figure 3 also gives the similar data from Charpy 41J index 
temperature shift data. The two property shifts were very similar to each other in the case of Kori-1 Linde 
80 weld.  
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Figure 3. Irradiation shifts in reference temperatures measured by Charpy and PCVN specimens. 

The initial To value was defined as -83.3oC from the most conservative data set by the single-temperature 
procedure of the ASTM E1921-97 standard. A PCC bias factor of 10oC and two times the standard 
deviation of the irradiation tests were added to the shifts of To values. The RTPTS value, which was re-
evaluated by the fracture toughness test data, could give an extra margin to the regulatory limit of 149oC 
even beyond the 40-year operation period.  
 
JEAC-4206, the Japanese code for PTS evaluation, provides a method for performing a deterministic 
fracture mechanics analysis of reactor vessel integrity at the specified time based on the fracture 
toughness test data sets with arbitrary dose levels. For each fracture toughness test data, the actual test 
temperature is shifted parallel to the temperature axis by ΔTk taking into account the neutron irradiation 
dose and then the test data set are converted into a fracture toughness data set at a specific dose. In this 
paper, the ΔTk values were determined by the fluence function of the RG-1.99 Rev.2.  
  
  ∆+∆−∆=∆ σ)()( mNDTeNDTK fRTfRTT  
 
where, fe is the fluence at the specified time, fm the fluence of the actual test data, and σ△ is defined as 
the standard deviation of the measurement including the PCC bias factor (25.6oC).   
 
Figure 4 shows a compilation of fracture toughness data at the specific time of 40 year EOL, where the 
lower bound toughness curves by the ASME and JEAC-4206 codes are compared to the applied PTS 
loading curves for the specific cases of Kori-1 reactor vessel. It shows that there is about 30oC margin for 
the estimated fracture toughness to PTS loading curves. 
 

 
 

Figure 4. Fracture toughness margins to PTS loadings at 40 year EOL based on JEAC-4206 method. 
 
 
CONCLUSION 
 
The circumferential weld in the beltline of Kori-1 reactor vessel showed irradiation sensitivity due to its 
high contents of 0.23 wt.% copper. Even though the Charpy impact properties of the high copper weld 
showed large shifts in reference temperature and large drops in upper shelf energy, actual fracture 
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toughness measurement using precracked specimens gave a margin to the regulatory limit. The elastic-
plastic fracture mechanics analysis showed that the integrity of the reactor vessel can be assured even 
beyond 40 years. The only circumferential weld design and the small wall thickness of the forged vessel 
gave relatively small applied loadings to postulated flaws.  However, the large changes in mechanical 
properties of the vessel weld metal significantly deteriorated the public acceptance of people for the 
continued operation of that reactor. Kori-1, the first commercial PWR in Korea, has completed its safe 
operation for 40 years during 1978~2017. 
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