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ABSTRACT 
 

The implementation of alternatives to RT for the end of manufacturing examination of thick ferritic 

welds in heavy components (steam generator “SG”, pressurizer “PZR” and reactor pressure vessel 

“RPV”) has been widely presented in the frame of previous ICNDE conferences. 

After several years of developments, all the pieces (technical and dossiers) are now completed 

and under the approbation circuit. The whole equipment (Pulse-Echo (PE) technique with Phased 

Array (PA) probes and Time of Flight Diffraction (TOFD) technique with PA and conventional 

probes) is ready for shop industrial implementation, in the replacement of RT and manual 

conventional UT on SG circumferential welds. 

The end of manufacturing examination of these welds in a SG replacement campaign frame has 

to meet the two main requirements: compliance with the RCC-M code and French regulations for level 

1 component. 

Besides, in a technical point of view, the equipment set-up must encompass all the particularities 

of the welds and their own environments (obstacles are present). 

These specifications result in the following necessary provision: a code modification (to enter 

the new alternative and its acceptation), a complete equivalence dossier (taking into account for all 

types of welds the acceptance criteria requirements of the “ESPN” regulations) and a batch of 

additional accompanying elements (inspection procedures, doubled compared acquisitions on real 

welds, training dossier for operators). 

The equipment (including calibration stage) must in parallel be terminated, frozen and tested; 

the associated documentation completed. When considering potential restricted areas on some welds, 

specific dedicated probe holders and adapted techniques are to be used, always justified through the 

guarantee of equivalence regarding the current techniques. 

The present paper aims at presenting each of these elements needed to get the final approval for 

a standalone use. The technical aspect is briefly described. 

 

 

INTRODUCTION 
 

For the industrialization of the present UT alternative to RT, one has to bridge the gap between the 

initial equivalence demonstration and the provision of equipment and documentation supports, all 

being approved by the authorities. 

The following steps are necessary to achieve. 

• Issuance of the “complementary” equivalence file (see below), completing the justifications 

not yet included in the main equivalence file, 

• Issuance of examination procedures; a general one and several applicative, one per weld type, 

• In parallel, the appropriate modifications of the RCC-M code to authorize an alternative 

proposal shall be issued and accepted, 
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• Double systematic examinations of several welds with the current methods and the 

alternatives ones must be done, and a report issued; this report shall give the evidence that the 

results do not challenge the already demonstrated equivalence in the files, on the mock-ups, 

• Performance of the training of the operators, 

• Alternative proposal approved by the customer and the safety authority. 

 

 

EQUIVALENCE DOSSIER 
 

 

General 
 

The equivalence dossier encompasses a main file and a complementary one. It fulfils the requirements 

of the new RCC-M article dealing with the alternative method/techniques (see below). 

It aims at demonstrating a global acceptable equivalence (in terms of quality of the parts at the 

end of manufacturing) between the specified methods (manual conventional UT in pulse-echo 

technique plus radiography) and the proposed alternative ones (automated phased array in pulse echo 

technique plus automated TOFD). 

 

 

Scope 
 

The low alloy steel pieces of PZR and SG (figure 1) are assembled by means of narrow gap submerge 

arc welds. 

 

 

Figure 1 - Pressurizer and Steam Generator weld outline 

 

The weld thickness range varies between 100 mm and 180 mm. The bevels are slightly tilted 

resulting in almost perpendicular fusion faces. The width of the welds is approximately 22 mm. Shell 

diameters varying between 3.077 m and 5.165 m yield weld lengths up to more than 16 m. 

 

 



 

12th ICNDE Page 3 
 

Main file 
 

The main file was widely presented in the past; it is devoted to the examination of welds without 

obstacle. 

No specific additional technique (like sectorial scanning) is accounted in the file, as no access 

restriction is considered. 

One of the main results that can be underlined in the main file is an equivalence in terms of most 

of the analysis requirements of the code (detection, classification, …) thanks to the TOFD enhanced 

technique in the whole thickness of the welds, covering the possible lacks of the phased arrays pulse-

echo technique in detection of volumetric type defects or in height characterisation. 

The other fundamental result is the demonstration of equivalence including new acceptation 

criteria for TOFD technique, as no reference is available in the RCC-M code (technique not included). 

The definition of criteria was done from standards and experience feedback. These criteria have 

moreover been justified against new safety authority requirements for components quality. 

 

 

Complementary file 
 

For SG and PZR, many obstacles locally prevent the use of all regular UT covering of the examination 

zone. The complementary file was mainly released to justify that the equivalence of the main file is 

still applicable even on the restricted zones. 

In addition, the complementary equivalence file includes some general topics not handled in the 

main file and concerning all the welds, with or without obstacle (e.g. software evolution since initial 

practical tests on the AFCEN and BCCN blocks). 

The restricted zones can be local (see figure 2, a)) or global (b)) on 360° of the weld. One can 

note that these zones are restricted almost the same way for specified manual UT and alternative PA. 

This complementary file concludes in keeping the same acceptable global equivalence between 

the specified methods and the alternative ones (see section “Principle of justification of acceptable 

equivalence”) by using new specific techniques: phased arrays pulse-echo with sectorial scanning and 

asymmetric TOFD (see section “specific UT techniques”). In addition, the acceptance criteria defined 

in the main file are not modified due to the restrictions of environment. 

These new techniques could be implemented thanks to specific new probe holders designed in 

order to fit the local obstacles and the geometry. 

The global equivalence was deemed acceptable in both configuration type of the manual UT 

examination (access from inner surface of the component or not). 

 

 

RCC-M CODE IMPLEMENTATION 
 

 

New section 
 

The proposal of a non-codified examination instead of the specified ones for a given type of weld 

needs a formal authorization of the SA. It can only been obtained through the approval of a 

justification dossier supporting the alternative. 

In order to generalise this process, forecasting other similar cases, AREVA issued modification 

requests for a RCC-M code implementation. 

There are finally two modification sheets approved by AFCEN that will be implemented in the 

next edition of the code: one for a new article (Examination Method volume, “MC 2900”) in the 
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examination method volume and one for the modification of the existing sections of the welding 

volume (“S 7710” article). 

This means that the new requirements for the necessary provision of an equivalence dossier and, 

besides, the possibility to adjust some of the acceptance criteria in the same time (and with 

justifications) have been accepted. 

In order to use alternative NDT, the supplier should propose for acceptation the following 

pieces: 

• An equivalence dossier mainly based on practical trials on representative mock-ups, and 

including the acceptance criteria to be applied, 

• A dedicated examination procedure, 

• A minimum justification of pre-industrialisation implementing both methods/techniques 

(former and new ones) on real components in order to support the equivalence demonstration 

(see the paragraph on the “double examinations”), 

• Depending on the level of used technology, a dedicated training programme. 

 

 

Annex 
 

The proposal of alternative NDT based on an equivalence statement regarding the RCC-M 

requirements is a complex process strongly summarized in the new/modified sections of the code. 

Details, explanations and examples came up to be useful to provide in addition. 

Within the AFCEN groups, a document was issued. It will integrate the code as an annex of the 

MC volume. It will be as opened as possible in its regulations and implemented in the edition after the 

next edition of the code. 

The appendix also includes some examples of the RCC-M requirement on the subject and 

guidelines for the structure of a typical equivalence dossier, as expected. It will also include 

information on how proceed to conclude on the final equivalence between the specified and 

alternatives methods / techniques. 

 

 

DETAILS ON THE JUSTIFICATIONS OF THE COMPLEMENTARY FILE 
 

 

Introduction 
 

The complementary equivalence dossier was drawn up in order to provide the needed justifications of 

equivalence not yet included in the main equivalence dossier. 

The main dossier is applicable for welds and portions of welds without any restriction that could 

prevent locally or fully the scanning of the probes on the outer surface.  

The complementary equivalence file aims at introducing justifications that the overall 

equivalence demonstrated without obstacle is still acceptable on welds / parts of welds with these full / 

local restrictions. 

The figure 2 shows an example of locally restricted weld (pipe nozzle), case a), and one 

example of fully restricted weld (tube sheet to bottom head weld), case b). 

Basically, with obstacles, the situation is: 

• RT is not affected, 

• Manual UT is restricted for some scanning orientation / refraction angles, 

• Automated PA UT and TOFD are restricted as well. 
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The advanced techniques described in the paper are implemented in order to keep the overall 

equivalence of quality guaranty still acceptable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 a) b) 

 

Figure 2 - example of partially (a) and fully (b) restricted welds 

 

In addition, the complementary equivalence file deals with new topics: grouping of indications 

and positioning perpendicularly to the weld axis that are either changed or new regarding the main 

dossier. 

 

 

RCC-M requirements and influential parameters 
 

The RCC-M requirements, on which the equivalence shall be justified, that have been defined 

according to the new code specifications of MC 2900 (see section “RCC-M code implementation”), 

are listed here under. 

1. Operator certification 

2. Total UT orientations 

3. Zone coverage 

4. Grouping of UT indications from different orientations 

5. Positioning of indication 

6. Sizing of indication 

7. Final grouping of indications 

8. Characterisation of indication 

9. Acceptability of indication 

These requirements are not “cross-handled”: they are considered one by one, without any 

interaction between two or more of them. 

Local 

restriction 

Full 

restriction 

Weld 

Weld 
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The equivalence between the specified and alternative techniques is evaluated against each of 

them, and by considering the following new input data introduced previously: 

• Worse cases of restricted welds 

• New advanced phased arrays technique (sectorial scanning) 

• New advanced TOFD technique (asymmetric TOFD) 

• New process of grouping of indications from different orientations 

• Positioning perpendicular to the weld axis 

 

 

Principle of justification of acceptable equivalence 
 

According to the new MC2900 article, the justification must be based in a large part on mock-up trials. 

The same tests blocks as those of the main dossier (“BCCN” and “AFCEN” blocks1)) were used. For 

these blocks, data obtained with RT, manual UT, PA and symmetric TOFD were already available. 

Additional acquisitions have been performed with asymmetric TOFD and sectorial PA scanning. 

In order to simulate the situation of restricted welds from all these data on blocks without 

obstacle (kind of dummies could have been implemented, but this was not the case) the general 

equivalence demonstration process of the main file1) is supplemented by voluntarily ignoring data that 

would have not been detected in real configuration with obstacle. As an example: 

• if a given weld is locally or fully restricted so that no +45° orientation cannot be achieved, the 

requirement in detection (for instance) will be studied by considering only the data from 

defects of the block(s) detected in both orientations +45° and -45° (to be sure that they will be 

detected in the non-restricted direction when considering the real weld situation).  

Same principle is applied for sizing, characterisation, … 

Some additional mock-ups containing calibrated defects also provided interesting information 

on asymmetric TOFD capabilities. 

 

 

Example 1 
 

The first example described here after illustrates the justification process here above for a locally 

restricted weld (figure 3) featuring obstacles for full scanning in both directions. 

 

 

Figure 3 - first example of (locally) restricted weld 

Direction 1 Direction 2 
4 hand holes 

on the 

circumference 

1 nozzle on 

the 

circumference 

Max 

stand

-off 

Max 

stand-off 
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The dedicated possible examinations according to the current specified methods and the 

alternatives ones are defined in table 1 (left column). 

The justification is performed with the results on “AFCEN” block. According to the weld 

situation of the first column, the corresponding defect data of the block are handled for each RCC-M 

requirement to consider as in the right column. 

Once defined the way the defects data on the block can indeed simulate the examination of the 

locally restricted weld, the comparison is made according to each of the RCC-M requirements retained 

above, and following the same process as in the main equivalence file. 

 

INPUT FOR THE RESTRICTED WELD 
RELATED AVAILABLE AFCEN DEFECTS 

DATA 

RT from outside 
All same RT data as those used without obstacle 

in the main equivalence file 

Conventional manual L0° UT from outside and 

inside 

All same manual L0° UT data as those used 

without obstacle in the main equivalence file, 

from outside and inside 

Restrictions for manual UT, from outside in 

direction 1, due to the hand holes and in direction 

2, due to the nozzle, so that examination at 45°, 

60° and 70° is partial, depending on the depth 

Manual UT data available (i.e. defects are 

recorded ( -6 dB detection)) in outside / direction 

1 or 2 or in both outside / direction 1 and outside / 

direction 2, depending on the depth covered at 

each examination angle (1) 

Manual shear wave UT from inside in direction 2 

only 

Manual UT data available (i.e. defects are 

recorded (-6 dB detection)) in both inside / 

direction 1 and inside / direction 2 

Restriction for automated PA UT at fixed angles, 

from outside in direction 1, due to the hand holes 

and in direction 2, due to the nozzle. Use of 

sectorial scanning technique. 

Automated PA UT sectorial scanning data from 

outside (i.e. defects are recorded (-6 dB 

detection)) available in outside / direction 1 or 2 

or in both directions, depending on the depth 

covered at each examination angle range. 

Use of automated symmetric TOFD from outside 

remains possible 

Automated symmetric TOFD data on defects 

from outside 
(1) as an example, for this weld configuration, the depth range [30-50 mm] could be only covered by 45° and 60° in direction 1. So 

the defects of the AFCEN block located in this range will be considered for the elementary equivalences in analysis requirements (detection, 

characterisation…) if they are recorded in manual UT at least from 45° in both directions or 60° in both directions. 

Table 1 - list of input information linked to the restrictions (left column) and corresponding handling 

of experimental data on blocks (right column). First example. 

The result in detection requirement is that some defects (for example one lack of fusion) are no 

longer detected in UT pulse-echo both with conventional and PA probes when the impacts of the 

restrictions are considered (and even if sectorial scan improves the detection). 

This behaviour is compensated by the combination of RT when considering the specified 

techniques, and by combination of TOFD when considering the alternative techniques. 

For this restricted weld, considered as one of the worse cases of the SG component, the 

equivalence in detection is still justified (with obstacle). 

 

 

Example 2 

 

The second example deals with another complex situation of restricted zone (see figure 4). 
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The nozzle completely prevents the examination from outside of the component, with inclined 

orientations, in the direction 1. 

The correspondences (illustrated for simplification with the alternative NDT only here) between 

the restrictions and the associated data one must consider on the reference mock-up used (“BCCN”) is 

in table 2. 

Thanks to the access from inside and outside, the manual UT level of detectability is 100% with 

the specified technique, even with the obstacle in direction 1. With the automated UT/PA, the lack of 

examination from inside in addition to the obstacle in direction 1 leads to the non-detection of some 

defects (e.g. one lack of fusion combined with an inclusion, one inclusion or lacks of 

penetration). 

However, the results in asymmetric TOFD compensate these “non-detections” and, finally, there 

is a full equivalence in detection on all the BCCN block defects, when the situation of the restricted 

weld is simulated. 

The same reasoning is applied on the weld with permanent restrictions, like the welds 

connecting the tube sheet or the welds between cylindrical and spherical parts. 

 

 
Figure 4 - second example of (locally) restricted weld 

 

INPUT FOR THE RESTRICTED WELD 
RELATED AVAILABLE BCCN DEFECTS 

DATA 

Full restriction for PA UT, from outside in 

direction 2, due to the nozzle. 

PA UT data (“meander” scanning) available (i.e. 

defects are recorded (-6 dB detection)) in both 

outside / direction 1 and outside / direction 2 

Use of automated asymmetric TOFD from 

outside 

Automated asymmetric TOFD data on defects from 

outside 

Table 2 – list of input information linked to the restrictions (left column) and corresponding handling 

of experimental data on blocks for alternative techniques (right column). Second example. 

 

 
SPECIFIC UT TECHNIQUES 

 

In order to perform an examination of each of the SG and PZR welds whilst keeping a 

guaranteed equivalence level of quality between the alternative methods / techniques and the 

replaced ones, two new techniques have been developed: phased arrays with sectorial 

scanning and asymmetric TOFD3) 4). 
 

Nozzle 

Direction 2 

Direction 1 

Max 

stand-off 
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The sectorial scanning allows improving the capabilities of detection in case of local or 

general restricted access. It will not provide additional UT beam orientations at the place 

where an obstacle prevent a full stand-off but, contrary to manual current UT technique, one 

will get much more information at many refractions angles within the possible angle ranges. 

This is illustrated in figure 5. 
From the right side of the welds, either in manual or PA UT, the largest refraction angles cannot 

cover the entire examination volume.  

 

 

 

 

 

 

 

 

 

 

Figure 5 - example of sectorial scanning configuration 

 

But in PA sectorial scanning, many angles (index step of 1°) around 45° and 60° (basically the 

range [35° - 70°] is used) can be operated and analysed. They will contribute to increase the detection 

data in the covered zone. 

The other technique implemented is the so-called “asymmetric” TOFD. Its principle is that, 

when tip diffraction occurs, the energy is re-emitted in all directions and can thus be received at 0° 

(perpendicularly to the outer surface). 

Some performance demonstration trials were performed on calibrated defects and show that the 

height and length capabilities are comparable to those of symmetrical TOFD technique. Detection and 

characterisation (planar type) by signal analysis (phase inversion) remain also possible. 

The asymmetric TOFD can be used in locally or complete restricted environment thanks to the 

specifically designed probe-holder shown in figure 6 (several associations of angle beam CW probes 

(conventional and phased arrays types) with 0° CW probe are included, so that the entire wall 

thickness is covered through eight (8) depth zones). 

 

Conventional probes, Zone 1 

 

 

 

PA probes, Zones 4 to 8 

 

 

 

PA probes, Zones 2 and 3 

 

 
Figure 6 - specific asymmetric TOFD probe-holder 
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DOUBLE EXAMINATIONS 
 

In the present dossier of alternatives to RT, the performance of double examinations is required by the 

customer, as specified by the new MC 2900 code article. 

A “double examination” is the examination of a given SG or PZR weld with the (current) 

specified methods and the proposed alternatives techniques. Double examinations are performed on a 

minimum number a welds in order to make the comparison of all results representative (in terms of 

numbers of configurations and length of weld) of what was concluded in the equivalence file from the 

trials on mock-ups. 

The representativity of the double examinations in terms of defects is hopefully poor, but the 

interest is to compare the ability of the methods/techniques to represent welds free of indication or 

containing small acceptable discontinuities. 

The results do confirm the already demonstrated acceptable equivalence on blocks. Actually, the 

results here-below represent a first part of the in-shop confirmation on real welds, namely without 

obstacle, so linked to the main equivalence file (the double examinations in case of restrained access 

will be performed later). 

Eight (8) steam generator welds (almost 100 meters of welded seam) representative of 3 

different thicknesses in the range of the equivalence file and of 3 types (upper shell to nozzle shell 

weld, intermediate shell to lower shell weld, high shell to intermediate shell weld and conical shell to 

high shell weld). 

The regular RCC-M RT and manual conventional UT procedures serve for the examination; 

besides, preliminary procedures fulfilling the processes and rules described in the equivalence file 

were used for the alternative techniques (automated phased arrays and TOFD). The analysis of TOFD 

data was done as far as possible in accordance with the TOFD standard NF EN ISO 10863. 

The analysis and comparison were cross-checked in parallel by external certified operators. 

It was concluded from these double examinations that the acceptable equivalence demonstrated 

in the main file was confirmed but also completed in the domain of the limits of detection for all 

methods and techniques. 

Indeed, the expected capability of the TOFD technique regarding the small discontinuities was 

unsurprising illustrated experimentally. 

Detection. The equivalence was partial as a few small porosities (Φ ≤ 1,5 mm) were detected in 

RT and not by the alternative techniques. This was expected and, all being smaller than the acceptance 

criteria, the equivalence was still considered acceptable. Besides, several small volumetric type 

indications were detected in TOFD and not by the RT and manual UT techniques, all of them being 

acceptable. This was also expected. The state of the art in TOFD analysis practiced by the certified 

operators was appropriate to limit as far as possible the detection of non-representative point-like type 

events. 

In pulse-echo techniques, the equivalence in detection amplitude range was close to that 

demonstrated in the dossier. 

Sizing. An acceptable equivalence was concluded, within a domain of tolerance (in length 

sizing) much smaller than those of the main equivalence file (all the discontinuities of interest in the 

actual welds being much smaller). 

Characterisation. Two indications detected in TOFD were classified “non-volumetric” whilst 

they were classified “volumetric” by manual UT. These discrepancies being conservative and the size 

of these “NV” indications lower than the acceptance criteria, the equivalence in characterisation was 

deemed acceptable. 
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Acceptability. The equivalence in overall acceptability was full: no unacceptable 

defect/indication either with the specified (RT + manual UT) and the alternative (automated UT + 

TOFD) methods/techniques. 

As one could expect, the TOFD capabilities lead to a more accurate guaranty of quality of the 

welds, in a domain where the acceptability level is anyhow not reached. The small “NV” indications 

are below the acceptance criteria and would have not been detected with the specified 

methods/techniques. 

 

 

CONCLUSION 
 

AREVA has been working on this alternative to RT for steam generators and pressurizer welds for 4 

years now. 

An automated TOFD and phased array UT system (named “ATPA”) has up to now examined 

several hundred of meters of welds and confirms on actual parts the equivalence demonstration 

already justified on mock-ups. RCC-M code implementation and examination procedures have been 

drawn up accordingly. 

The equivalence demonstration was completed by considering all possible local or complete 

obstacles around the welds of interest; the results are presented and discussed in the present paper. 

To do so, the same data on the blocks were used in the main equivalence file. The simulation of 

the restrictions was done by filtering the information regarding the actual covered zone for each 

examination angle (conventional UT or fixed PA) or angle ranges (sectorial PA). 

The double examinations confirmed that the guaranty of the quality of the welds was more 

accurate, leading to the detection of very small indications of either volumetric or non-volumetric 

type. This was expected, through the development of advanced techniques, essentially with the use of 

UT TOFD technique, which finally confirmed to be a powerful examination tool for characterisation 

but also for detection phase. 

In anyhow, an acceptable overall equivalence with the specified method / technique was 

conserved provided that the appropriate acceptance criteria are applied. 
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