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Abstract. Feasibility studies of advanced inspection and repair welding techniques were conducted in 
the framework of the Nuclear and Industry Safety Agency of Japan (NISA) project on the 
enhancement of ageing management and maintenance of NPPs. In this paper, features of NDE 
methods investigated in the projects, main results of research activities and prospect of nickel based 
alloy weld inspection are discussed. We also make a review for the integrity and reliability evaluation 
techniques for repair welding of ageing plants which were intensively investigated in view of 
regulatory criteria, in NISA project. 

1. Introduction  

In recent years, the SCC in nickel alloy dissimilar metal welds (DMWs) has attracted 
attention worldwide, and the development of advanced inspection and repair techniques of 
SCC in Ni based alloy welds is one of critical issues. In addition, estabilshment of integrity 
and reliability evaluation techniques for repair welding of ageing plants are highly required 
shince it has been pointed out that alloy 690, which has higher PWSCC resistance than alloy 
600, is highly susceptible to hot cracking under heavy restraint conditions, such as welding of 
thick components. To this end, feasibility studies of advanced inspection and repair welding 
techniques were conducted in the framework of the Nuclear and Industry Safety Agency of 
Japan (NISA) project on the enhancement of ageing management and maintenance of 
NPPs[1].  In this paper outlines of main results are reviewed focusing on  regulatory criteria 
of ageing management and maintenance of NPPs. 

2. Advanced Inspection Techniques for PWSCC 

Inspection of SCC in Ni based alloy weld is recognized to be one of critical issues in the 
world and in Japan because of insufficient detection and sizing accuracy, and advanced 
inspection techniques with high capability of sizing of SCC are internationally required. 
Difficulties to improve detection and sizing of PWSCC mainly lie in two aspects. One is 
complicated geometry of the targets such as safe end - nozzle dissimilar metal welds (DMWs) 
and reactor vessel penetration, and the other is metallographic structure of Ni based alloy 
weld with strong anisotropy and attenuation related to the ultrasound propagation. Several 
promising inspection techniques were applied to the detection and sizing of SCC in Ni-alloy 
DMWs, and their intrinsic performances were evaluated. Each technique is summarized as 
follows.  

2.1 Three-dimensional synthetic aperture focusing technique  

A three-dimensional synthetic aperture focusing technique (3D-SAFT) was applied to the 
inspection of Ni-alloy DMWs, and the SCC detection and sizing capabilities of 3D-SAFT UT  
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was verified in the following aspects; 1) 3D-SAFT UT is able to image the shape of SCC in 
Ni alloy weld without UT probe scanning, 2) 3D-SAFT UT has superior characteristics 
compared with conventional UT or Phased Array UT in the aspect of the possibility of depth 
sizing for SCC, 3) 3D-SAFT UT also has superior depth sizing accuracy, 4) The detection and 
depth sizing capability of 3D-SAFT UT are obtained not only in front of the probe but also in 
the skewed direction, because 3D-SAFT UT equipment uses matrix array probe. 

The results showed that 3D-SAFT UT can image the shape of SCC in an Ni-alloy weld 
without UT probe scanning. Furthermore, it is superior to conventional UT and phased array 
UT in terms of SCC detection and depth sizing capabilities. Figure 1 shows D-scan image of 
aial SCC having 16 mm length in the safety valve nozzle DMW[2]. It is well visualized that 
the SCC propagate only in the weld metal, which was obtained by one probe position without 
scanning. 3D-SAFT can provide the defect imaging not only in front of the probe but also in 
the skewed direction[3]. Both the capability of detection and sizing have been obtained 
between 0 degree direction and 60 degrees direction, which implies that it could be used to 
inspect inaccessible areas.  

2.2 Nonlinear ultrasonic imaging  

There is a possiblity that SCCs in nuclear plants are closed and ultrasound can penetrate 
through SCCs whose faces are in contact with oxides. This may result in the underestimation 
of crack depth. Nonlinear ultrasound is the most promising method to overcome it. Nonlinear 
ultrasound is based on the detection of nonlinear components: superharmonic waves and 
subharmonic waves generated at the interface of crack faces. In this project, both 
superharmonic method and subharmonic method were applied.  Here, main results of novel 
imaging menod based on nonlinear ultrasound, namely, subharmoinic phased array for crack 
evaluation (SPACE) are introduced.  

SPACE is a nonlinear ultrasonic testing method that can visualize the tips of closed cracks. 
The effect of anisotropy of an Ni-based alloy weld can be successfully reduced on the basis of 
the analysis of the appropriate number of elements required in the probe. The experimental 
results show that the present probe provides accurate depth sizing within an error of 2 mm 
both from the outside and inside of specimens. In addition, the present method discriminates 
closed SCC with oxides from open SCC[4]. The specimen was immersed in polythionic acid 
solution to introduce SCC in Alloy 600 weld, and it was immersed in an autoclave with BWR 
environment. The SCC after 160 hrs. immersion was imaged by a linear phased array (PA) 
and SPACE. As a result, the crack was observed in the PA image (the left of Fig. 2), where it 
was not observed in the subharmonic array (SA) image. This shows that the SCC was open 
and 160 hrs. immersion is insufficient for the crack closure. Then, the SCC after 1321 hrs. 

Fig. 1.  D-scan image of axial SCC of safety valve nozzle DMW [2]. 
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Fig. 2. Visualization of closed SCC with oxides by SPACE [4].   

immersion was imaged by SPACE. In fundamental array (FA) image (the middle of Fig. 2), 
the crack was imaged at 8 mm depth. On the other hand, in the SA image (the right of Fig. 2), 
the crack was imaged at 9.5 mm depth, which is larger than that in the FA image and nearly 
equal to that in the PA image. This shows that the part of the SCC between 8 and 9.5 mm was 
closed by the generation of oxide film between the crack faces. Thus, the SPACE useful in 
imaging closed cracks. 

2.3 Eddy current array probe and signal processing  

Several eddy current array probes are proposed and they realize the efficient inspections. In 
practical application, detection signals obtained by eddy current array probes sometimes 
include significant noises caused by the unsteady lift-off distance of a probe or local variation 
of conductivity or permeability of the material of a test object. A sginal processing method 
was proposed to reduce noise and extract crack indications from detection signals obtained by 
the 48-channel eddy current array probe[5]. It filters out the noise signals based on the phase 
infromation of eddy current signals. Because this 48-channel ECT system performs two kinds 
of scanning patterns: U-scan and T-scan, and obtains two sets of signal distributions for one 
scanning area simultaneously, the proposed method uses a two-stage process that includes so-
called a main filter and a sub filter. Using these two filters imposes more strict conditions on 
extracting crack indications so as to reduce more noise. 

This filtering method was applied to a round robin test of the Program for the Inspection of 
Nickel-alloy Components (PINC), which is an international cooperative project established by 
the U.S. Nuclear Regulatory Commission (NRC) to assess NDE techniques for primary water 
stress corrosion cracking (PWSCC) in components made of Alloy 600 and related materials in 
nuclear power plants [6]. The target specimens PINC2.10 was an large bore dissimilar metal 
weld and SCCs were embedded in it. Figure 3 shows the raw image and filtered image of  
eddy current signals obtained by the 48-channel ECT system. Applying both main and sub 

Fig. 3. Extraction of a SCC indication in test piece simulating safe end – nozzle DMW from ECT 
signals obtained by 48-channel ECT system [5].    
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Fig. 4. Evaluation of profile of SCC by microwave near-field microscopy[8]. 

filters, the noises are successfully removed and SCC are clearly visuallized. 

2.4 Microwave near-field microscopy 

Microwave near-field microscopy is a noncontact nondestructive evaluation method that 
provides profiles of fatigue and SCC cracks[7]. It employ a hoghly sensitive open-ended 
coaxial line sensor, and due to the surface current induced the crack faces signal is obtained 
by coaxial probe. In addition, the dual frequency technique realize the quantitative evaluation 
of crack profiles of small closed cracks. This method was applied to SCC in Ni-based alloy 
welds and the SCC profile was successfully reconstructed within an error of 2 mm[8]. Figure 
3 shows 2D microwave image together with profiles of signals and fractography of 
SCC. Test frequency is 110 GHz and liftoff is 60 µm. An evaluated crack profile is also 
shown in Fig.3, and the evaluated profile agrees very well with the one by destructive testing. 
  

2.5 Summary of achievement 

In Table 1, the capability of advanced techniques, which were investigated through the 
project, are quantitativly summriezed. These information will be one of inputs for 
standardization and assessment of technology by the reguratory bodies. 

Table 1. Capability evaluation of advanced techniques 
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3. Evaluation Technologies for Integrity in Repair Welding of Ageing Plants, and for 
Reliability of Repaired Welds 

3.1 Regulatory Criteria of Minor and Impurity Elements for Welding Integrity of Alloy 
690 Multipass Welds[9,10] 

The influence of P and S on ductility-dip cracking susceptibility (DTR) in the reheated weld 
metal of alloy 690 was evaluated by the spot-Varestraint test using different alloy 690 filler 
metals, while varying the contents of P and S. Figure 5 shows the relationship between 
(P+1.2S) content in the weld metals and the DTR determined by the spot-Varestraint test. In 
this figure, the DTRs of commercial and other lab-melting (experimental) filler metals are 
plotted, and the multipass weld cracking test results are depicted as well. Open and filled 
symbols indicate crack-free and cracking in the multipass weld cracking test, respectively. 
There is a good linear relationship between the compositional parameter of (P+1.2S) and the 
DTR for all weld metals. According to the multipass weld cracking test results, the critical 
DTR where microcracks didn’t occur during multipass welding could be estimated as approx. 
200K. It follows that the amount of (P+1.2S) in the weld metal should be limited to 30ppm in 
order to prevent microcracking in the multipass weld metal. Theoretical approaches of grain 
boundary segregation and embrittlement suggested that ductility-dip cracking in the multipass 
weld metal of alloy 690 could be attributed to grain boundary embrittlement due to grain 
boundary segregation of impurity elements such as P and S. 

The microcracking susceptibility in dissimilar multipass weld metal of alloy 690 to type 316L 
stainless steel was investigated by using several filler metals with different Ce content. The 
amounts of (P+S) and Ce in each weld pass were calculated from the relative dilution ratio, 
and the relations of them with the microcracking susceptibility in each weld pass were 
investigated.   The results are shown in Fig.6. The occurrence of microcracks could be 
approximately mapped by the compositional parameter (atomic ratio) in the weld metal. 
Namely, ductility-dip crack occurred in the multipass weld metal in the composition range 
Ce/(P+S)<0.22 and liquation/solidification cracks occurred in Ce/(P+S)>1.1, while no cracks 
occurred in the multipass weld metal when the ratio Ce/(P+S)=0.22-1.1. These results suggest  
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that microcracks in the multipass weld metal could be prevented when Ce/(P+S) in the weld 
metal is controlled within the 0.22-1.1 range. The ductility-dip cracking susceptibility was 
reduced by Ce addition due to the scavenging of P and S. The excessive Ce addition resulted 
in solidification/liquation cracking alternatively attributed to the formation of Ni-Ce 
intermetallic compounds with low eutectic point. 

3.2 Evaluation of Influence of Welding Parameters on Ductility-Dip Cracking in 
Multipass Welds 

The mechanical driving force for the formation of the ductility-dip cracking was investigated 
using the thermal-elastic-plastic FE analysis, and DTR plastic strain was proposed as a 
measure to quantify the mechanical driving force. The DTR plastic strain was defined as 
follows; 1) DTR plastic strain is the tensile plastic strain in the crack opening direction 
produced in the DTR during the cooling stage, 2) the weld metal intercepts the DTR multiple 
times during multipass welding. All the tensile plastic strain accumulated in the DTR is 
counted, 3) the plastic strain produced in DTR for the current welding pass is not counted, 4) 

 

Fig.7. Analysis model of DTR plastic strain in multipass welding. 
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Fig.6. Relation between (P+S) content       
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if the temperature reaches the melting point during the thermal cycle under multi pass 
welding, the accumulated DTR plastic strain is cleared to be zero. The distribution of DTR 
plastic strain in the multipass weld metal with 4 layers and 26 passes was computed as shown 
in Fig.7. The computed results are summarised in Fig. 8. In the present calculation, it was 
assumed that DTRs were varied in 100-400 oC. As clearly seen from these figures, the DTR 
plastic strain increases when the DTR becomes larger, and the large DTR plastic strain is 
generated in the weld passes in the first and second layers, i.e., reheated weld passes by 
subsequent welding. In other words, ductility-dip cracking would probably occur at these 
regions during multipass welding. It is deduced that these maps visualise the hazardous of 
ductility-dip cracking in the multipass weld metal under the different welding conditions. 

3.3 Microscopic Stress Simulation by Multi-scale Analysis Considering Microstructure 
for SCC Evaluation of Repaired Weld Joints 

A numerical simulation method to evaluate microscopic stress distribution in weld metal that 
is applicable to repair weld joints was estabished. The method composed of multi-scale 
analysis procedure to take into consideration of boundary conditions of a weld joint of 
fabricated structures, and microscopic stress analysis incorporating theory of crystal plasticity. 
The proposed method was applied to the calculation of macroscopic and microscopic stress 
distribution of SCC test specimen considering theory of crystal plasticity. The calculated 
microscopic stress distribution is shown in Fig.9. The stress plotted in the figures is von Mises 

 

 

Fig.8. Distribution of DTR plastic strain in  
multipass weld metal. 

 

                 Fig. 9. Observed specimen surface after SSRT and         
                the stress distribution of the multi-scale analysis. 
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equivalent stress. An inhomogeneous stress distribution is observed, and the stress 
concentration occurs near the grain boundaries.  The distinctive microscopic stress 
distribution is the result of the introduction of the crystal plasticity material modelling. The 
stress concentration at the grain boundaries occurs due to the distribution of the crystal 
orientation, and this stress almost certainly causes the occurrence of SCC at these locations.   
The result of the observation over the specimen surface after SSRT is also shown in Fig.9.  
Cracks were found at the grain boundaries and are identified as red broken lines in the 
photograph.  The lines corresponding to the location of the cracks are superimposed on the 
calculated microscopic stress distribution.  It is confirmed that the locations where stress 
concentrations occur in the multi-scale analysis are in accordance with the locations where 
cracks were observed in the SCC test. 

3.4 Mock-Up Test to Verify Integrity in Repair Welding and Reliability of Repaired 
Welds 

Mock-up testing procedures, which simulate the overlay welding of nozzle stub, were plotted 
out for evaluating the integrity and reliability in repair welding of alloy 690. The mock-up 
testing results are summarised in Fig.10. There were no PT-indications in the overlay weld 
metals, and no PWSCCs occurred after SSRT in the multipass weld metal using the Ce-
containing filler metal. These mock-up tests for multipass welds suggested that the integrity 
and reliability were verified in repair welding of alloy 690. 

4. Summary  

Feasibility studies of advanced inspection and repair welding techniques were conducted in 
the framework of NISA project on the enhancement of ageing management and maintenance 
of NPPs.  

Several advanced nondestructive inspection tequniques were applied to detection and sizing 
of PWSCC in DMWs. Accurate sizing of PWSCC  can be made by 3D SAFT UT method and 
nonlinear UT method (SPACE). In addtion, noninear UT method can evaluate closed SCCs. 
New options for inspection of PWSCC like length sizing by ECT and evaluation of SCC 
profiles by microwave method.  The above information infrastructure developed in the project 

 

Fig.10. Mock-up test results. 
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will serve as an important inputs for inputs for standardization and assessment of technology 
by the reguratory bodies. 

The evaluation technologies in multipass repair welding of Ni alloys (alloy 690) was 
investigated, focusing on the welding integrity influenced by minor/impurity elements in 
alloy, weld heat input, weld procedures, and the reliability on aged deterioration in repaired 
welds during reuse. Evaluation technologies in repair welding are verified, and then welding 
integrity is endorsed, which will be a important guideline for repair welding. 
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