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ABSTRACT 
According to the recent Japanese regulations regarding plant life extension of light water reactors for operation 
exceeding 40 years, additional surveillance tests are required for the evaluation of irradiation embrittlement of 
reactor pressure vessel materials. The number of loaded specimens in boiling water reactors is limited; 
accordingly, securing surveillance specimens is an important issue. Reconstitution of tested Charpy specimens is 
one way to secure the required number of specimens. Electron beam welding has the advantages of low heat 
input and realization of a highly reliable weldment property; therefore, it is a candidate for the specimen 
reconstitution method. In this study, applicability of reconstituted Charpy specimens was studied. Electron beam 
welding of irradiated surveillance specimens was carried out in the hot laboratory by remote manipulation. After 
the welding, specimens were processed into the shape of Charpy impact specimens, and Charpy impact tests 
were performed. The soundness of the welded joints was evaluated and the obtained results satisfied the 
requirements of the Japan Electric Association Code.  
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1.  Introduction 
 

After the Fukushima Daiichi accident in Japan, regulations were modified to assure the safe plant 
operation of light water reactors (LWRs). With regard to the plant life extension of LWRs beyond 40 
years’ operation, the regulations made changes in the conventional surveillance program and 
demanded additional surveillance tests for reactor pressure vessel materials to check their degree of 
irradiation embrittlement. However, the number of loaded specimens for surveillance tests is limited. 
Accordingly, securing surveillance specimens is important, and the development of a reconstitution 
technique for tested Charpy specimens became necessary. There are several candidate reconstitution 
techniques such as stud arc welding, surface activated joining (SAJ) and laser welding. However, 
electron beam welding (EBW) has the advantages of a low heat input and realization of highly 
reliable weldment property. EBW is also more suitable for remote manipulation in a hot cell compared 
with other methods.  

In order to apply EBW to the reconstitution of the surveillance test specimens, it is necessary to 
satisfy requirements (1) and (2) and then implement requirements (3) and (4) according to the Japan 
Electric Association Code, JEAC 4201:2007, Method of Surveillance Tests for Structural Materials of 
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Nuclear Reactors [1].  
(1) Visual inspection and cross-sectional observation should find no harmful defects at welds.   
(2) The Charpy impact test at the upper shelf energy temperature should show no cracks at welds. 
(3) Measurement of the heat affected zone width (WHAZ) should confirm it does not overlap the 

deformed area during the Charpy impact test. 
(4) Evaluation of the annealing width (WANL) should confirm it does not overlap the deformed 

area during the Charpy impact test. 
Confirmation test methods using unirradiated materials for these requirements have already been 

reported [2]. 
In this study, applicability of the reconstitution technique by EBW of irradiated materials was 

confirmed. 
 
2.  Experimental Procedures 

 
Fig. 1 shows the general concept of reloading and reconstitution procedure for surveillance test 

specimens by using tested Charpy specimens under consideration in BWR. In the surveillance 
program for LWRs, test specimens are irradiated and removed from reactors for Charpy impact tests, 
and non-deformed areas of tested specimens are cut and reloaded into reactors; these are called insert 
materials. After an appropriate period, the reloaded insert materials are removed from the reactor. The 
insert materials are V-notched and reconstituted as Charpy impact test specimens by EBW.  

Fig. 2(a) is a top view showing the specimen configuration before welding. Support materials 
made of the same steel were used to fix the insert and tab materials, and will be removed after EBW. 
These insert and tab materials were welded together in the configuration shown in Fig. 2(b) by 
two-path EBW in order to suppress deformations by EBW. First, the V-notch side was welded under a 
high beam current condition (28.5 mA) and then the specimen was reversed and the back side was 
welded under a low beam current condition (26.5 mA). The detailed welding conditions are listed in 
Table 1.  

Fig. 3(a) shows a photo of a reconstituted specimen after the Charpy impact test obtained in the 
authors’ previous work [2]. The simulated insert and tab materials made of base metal of unirradiated 
low alloy steel were welded by the EBW procedure described above, and subjected to the Charpy 
impact test. No cracks and no deformations were observed at the weld part after the Charpy impact 
test. Fig. 3(b) shows a photo of a reconstituted specimen with the simulated insert material made of 
weld metal of unirradiated low alloy steel after the Charpy impact test. As in the case of the simulated 
insert material made of base metal, no cracks and no deformations were observed at the weld part 
after the Charpy impact test. These results showed the soundness of the EBW part of reconstituted 
specimens with insert materials made of both base metal and weld metal.  

Materials used in this study were forged SFVQ1A [3] which were surveillance specimens 
irradiated to 2.2×1018 n/cm2 (E>1MeV) in a Japanese BWR. After removing from the reactor, the 
specimens had been subjected to the Charpy impact test and then machined to be insert materials. The 
tab materials and support materials are unirradiated SFVQ1A forged materials. Since the objective of 
this study was confirmation of applicability of the reconstitution before and after EBW, the process of 
reloading into reactor was skipped. The insert materials were reconstituted and four specimens were 
prepared. After external observations, one specimen was cut and subjected to cross-sectional 
observation and a Vickers hardness test, and the other three specimens were subjected to Charpy 
impact tests. 

With regard to the evaluations for WHAZ and WANL, following procedures were adopted. WHAZ 
and WANL affect the length of the test specimens used for reconstitution. The length of the specimens 
must be long so as not to overlap with WHAZ or WANL and the deformed area during the Charpy impact 
test. WANL, 1.1mm, was calculated by using temperature distributions during EBW in unirradiated 
material [2] with the method specified by the of JEAC 4201:2007 [1]. In general, since the thermal 
properties such as thermal conductivity hardly changes due to neutron irradiation [4,5], the same 
WANL was applied for the irradiated material as for the unirradiated material. The material properties 
of the reconstituted part were examined to check whether or not they met the requirements of JEAC 
4201:2007 [1]. 
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Fig. 1 Reloading and reconstitution procedure of surveillance test specimens 

 
Table 1 EBW conditions 

Conditions V-notch side Back side 

Accelerating voltage (kV) 58±2% 

Beam current (mA) 28.5±5% 26.5±5% 

Welding speed (mm/s) 12.5±2% 
Degree of vacuum before welding (Pa) ≤9.9×10-3 

 

   
(a) Top view                                 (b) Side view 

Fig. 2 Specimen configuration 
 



S. SAKURAYA, et al./  
                   Application of Charpy Specimens Reconstituted by Electron Beam Welding for

 the Evaluation of Irradiation Embrittlement of Reactor Pressure Vessels 

10 

 
(a) Base metal [2]                   (b) Weld metal  

Fig. 3 Photos showing specimen appearances after the Charpy impact test 
 
3.  Results and Discussion 
 
3.1.  Visual Inspection  
 

Fig. 4 shows the images of external observations of four sides of the reconstituted specimen 
including welds. No welding defects were found in these external observations. The deformation 
caused by EBW was small, and the step between the insert and tab materials was within the 0.2 mm 
tolerance specified in JEAC 4201:2007 [1]. 
 

 
Fig. 4 Photos showing appearances of a Charpy impact test specimen after being reconstituted by 

EBW 
 
3.2.  Cross-sectional Observation 
 

Before the cross-sectional observation, the specimen was mechanically polished and chemically 
etched with nital in order to evaluate WHAZ. The cross-sectional observation was made with an optical 
microscope. Fig. 5 shows a cross-sectional image of a reconstituted (welded) specimen. The welding 
paths from the V-notch side and the other side (back side) overlapped at the center of the specimen, 
and no welding defects were observed for the cross-sectional observation, the same as for the external 
observations. JEAC 4201:2007 [1] defines WHAZ, containing the weld and generally called the heat 
affected zone, as half of the width of the colored region by etching, which can be calculated as the 
average of the widths measured at 2.5 mm, 5.0 mm and 7.5 mm from the back side of the specimen. 
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Table 2 shows the evaluated WHAZ of the reconstituted specimen made of irradiated insert material by 
EBW along with WHAZ of reconstituted specimens made of unirradiated insert materials by EBW [2], 
SAJ [1] and laser welding [1]. WHAZ values of the specimens welded by EBW were smaller than that 
of the specimens welded by SAJ and laser welding, and there were no differences between WHAZ 
values of the specimens made of irradiated insert material and unirradiated insert material. 

As noted above, WANL was calculated by using temperature distributions during EBW in 
unirradiated materials, and WANL for EBW with the current conditions was evaluated as 1.1 mm, 
which is much smaller than that for other reconstitution techniques [2]. Since the required length of an 
insert material is determined by considering WHAZ, WANL and the width of plastic deformation formed 
by the Charpy impact test [1], the reconstitution by EBW can produce specimens with shorter lengths 
of insert materials than other reconstitution techniques, which leads to great benefits when the length 
of non-deformed area in the original surveillance specimen is short.  

 

 
Fig.5 Cross-sectional image of reconstituted (welded) specimen for the Charpy impact test 

 
Table 2 WHAZ values [1,3] 

Reconstitution method WHAZ (mm) 

EBW (Irradiated) 0.8 

EBW (Unirradiated) 0.8[2] 

SAJ 1.2[1] 

Laser welding 1.6[1] 
 
3.3.  Vickers Hardness Test 
 

After the cross-sectional observation, the Vickers hardness test was carried out on the cross 
section of the specimen in accordance with JIS Z 2244:2009, Vickers Hardness Test [6]. The test load 
was 0.98 N and the measurement interval was 0.2 mm. Fig. 6 shows the results of the Vickers 
hardness test along the measurement lines at 2.5, 5 and 7.5 mm from the surface of the tab material on 
the back side of the specimen, passing through the tab material, welds and the insert material. 
Hardness of base metal and welds were about 200 HV and 500 HV, respectively. Hardness of the heat 
affected zone around the welds was larger than that of base metal because of the rapid heating and 
cooling during the EBW. The hardening area was defined as the area where hardness was larger than 
300 HV because the hardness of the base material was less than 300 HV. The insert and the tab 
materials had almost the same hardness because the insert material was hardly embrittled by 
irradiation. Table 3 summarizes the widths of the hardening areas. The widths of the hardening areas 
on the measurement lines at 2.5 mm and 7.5 mm from the back side of the specimen were wider than 
that on the measurement line at 5.0 mm from the back side of the specimen, that is, the center of the 
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specimen. Half the average value of the widths of the hardening area was calculated as 0.65 mm, 
which was smaller than 0.8 mm, the WHAZ evaluated by the cross-sectional observation. Considering 
the measurement interval of the Vickers hardness test, the hardening area can be considered to be 
equivalent to WHAZ.  
 

 

 
Fig.6 Results of Vickers hardness test 

 
Table 3 Widths of the hardening areas 

Measurement  
positions from surface 

(mm) 

Widths of the hardening areas 

Hardening area A Hardening area B 

7.5  1.6 1.8 

5.0  0.8 0.8 

2.5  1.4 1.4 

Average 1.3 
 
3.4  Charpy Impact Test 

 The specimens reconstituted with EBW were machined into the specimens for the Charpy impact 
test with dimensions of 10×10×55 mm. Charpy impact tests were carried out in accordance with JIS Z 
2242;2005, Method for Charpy Pendulum Impact Test of Metallic Materials [7], at 100°C. Charpy 
impact test results summarized in Table 4 shows that all specimens had 100 % ductile fracture surface. 
Therefore, it shows that the Charpy impact tests were performed at the test temperature in the upper 
shelf energy region. The upper shelf energy of reconstituted material was 214 J, which was about 5 % 
different from that of non-reconstituted one. After the Charpy impact test, no cracks and no 
deformations were observed at the weld by EBW as shown in Fig. 7, indicating that the requirements 
described in JEAC 4201:2007 was satisfied [1]. 
 

Table 4 Results of Charpy impact test 

Specimen ID Test temperature (°C) Percent ductile 
Fracture (%) Lateral expansion (mm) Absorbed energy (J) 

L1E2 100 100 2.21 209 

L151 100 100 2.24 214 

L161 100 100 2.25 220 
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Fig. 7 Photos showing appearance of the Charpy impact tested specimen 

 
 

4.  Conclusion 
 
Applicability was evaluated for the reconstitution technique using EBW to obtain irradiated 

specimens (fluence of 2.2×1018 n/cm2) for the Charpy impact test.  
Visual inspection and cross-sectional observation found no welding defects at welds. And, the 

Charpy impact test at the upper shelf energy temperature showed no cracks at welds. These results 
satisfied the requirements of JEAC 4201:2007 [1]. 

WHAZ of reconstituted specimens was estimated to be sufficiently small as 0.8 mm and was 
almost same as calculated WANL, 1.1mm. Evaluated values of WHAZ and WANL should be considered in 
the design of the insert material length so that WHAZ and WANL of reconstituted specimens do not 
overlap the deformed area during the Charpy impact test.  

In summary, the reconstitution technique of irradiated specimens using EBW satisfied the 
requirements of JEAC 4201:2007 [1]. 
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