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ABSTRACT 
 
The steam generators (SG) and pressurizers (PZR) are assembled at AREVA-NP/SAINT-MARCEL 
(CHALON s/ SAÔNE) factory in France. After welding, surface (Magnetic Particle, Penetrant Testing) 
and volumetric (Ultrasonic Testing & Radiographic Testing) Non Destructive Testings are performed 
according to the French Design and Construction Rules for Mechanical Components of PWR Nuclear 
Islands (RCC-M) code. The UT examinations are performed manually with conventional probes before 
and after heat treatment and radiography is added before heat treatment.  

Today, in several industries, NDT vendors look for replacing RT by other techniques for evident 
easy-going and productivity reasons. In nuclear domain, safety authorities encouraged more and more to 
propose less restrictive and optimized UT alternatives to RT as well. The present paper gives an overview 
of the file of equivalence being built-up by AREVA-NP to replace the current manual UT associated to 
RT examinations by automated phased arrays UT associated to UT TOFD examinations.  

The parts of interest are pressurizer and steam generator circumferential welds between low alloy 
steel pieces, some being cladded at inner surface.  

The file of equivalence gathers a set of elementary evidences that all the mandatory requirements of 
the reference code and standards of application are satisfactorily kept, and defines levels of equivalences 
between the replaced and the replacing NDT methods / techniques.  

The main challenges of the process come from the change of NDT methods (RT to UT), namely 
concerning the management of the acceptance criteria and the associated changes in reference standards.  

The new UT automated system is developed and tested by ZETEC Company. The manipulator 
equipment is based on a carriage supporting the UT probe arrangement tool for scanning, the part to be 
examined being rotated to be set in position. The actual frame of the development is open enough to 
include an extension of the equivalence to RPV shell welds examinations (thickness of 250 mm) or to 
ASME code requirements as well. 

This file is intended at the end to support the implementation of this alternative in the RCC-M code. 
The principles of the equivalence file and some results obtained on the “AFCEN” test block are 

discussed in this paper. 
 
BACKGROUND 
 
Current situation 
According to the “RCC-M” code, the SG and PZR welds must be witnessed and their acceptance depends 
on several criteria including the Non Destructive Testing (NDT) assessment. 

After welding, PT/MT, manual UT and RT are performed at AREVA Chalon factory. UT and RT 
are the methods/techniques to be replaced. The pulse-echo (PE) manual UT examinations are done with 
conventional probes before and after heat treatment, in complement to conventional radiography (mainly 
linear accelerator and radiograms) before heat treatment. Conventional 4 MHz 0° longitudinal waves 
(before SRHT), 2 MHz 45° (before and after SRHT) and 70° (before SRHT) shear waves probes are used. 

 The UT analysis required in RCC-M code for welds refers mainly to the process described in the 
NF EN ISO 23279 standard (“Non destructive testing of welds-Ultrasonic testing-Characterization of 
indications in welds”). Manual conventional pulse-echo UT + RT can be replaced neither by pulse-echo 
UT alone (even with enhanced phased array pulse-echo technique), nor by TOFD UT alone (due to 
possible limitations in zone coverage or capability of detection of volumetric defects). Combined pulse 
echo UT and TOFD UT seemed therefore the most reliable to reach an acceptable equivalence. 
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Besides, manual conventional pulse-echo UT technique is rather restrictive (regarding productivity, 
reliability and traceability aspects) for such large and thick (greater than 100 mm) welded components. It 
was obvious in our case to implement by the way automated combined system, as described in details in 
1). Automated phased array pulse-echo UT combined with automated TOFD UT was thus retained. 

Its further use will only be possible if  a demonstration of sufficiently satisfying quality constant 
evolution is proposed and accepted. 
 
Scope 
 
The parts of interest are narrow gap submerged arc welds between low alloy steel parts, thicknesses 
between 100 mm and 180 mm, of pressurizer (Figure 1) and steam generators (Figure 2). The inner 
surface of the pressurizer welds and of the SG tube sheet to head are cladded. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: pressurizer welds of concern 
 

The fusion faces are essentially perpendicular to the vessel surfaces and the width of the welds is 
approximately 22 mm (bevels are 0°15’ tilted). The material is of 18 or 20 MND 5 grade (low alloy 
ferritic steel) and the wire is alloy steel with Mn-Mo-Ni. The classification of the welds according to 
RCCM is “Level 1”. 

The manual UT examinations are performed from outside and, when accessible, from inside of the 
component, depending on the stage of examination. In addition, these examinations deal in some cases 
with local obstacles which are known and identified for each type of joint, the overall examinations (UT + 
RT) complying with the requirements of the code. 
 
Objectives 
The main objective already introduced here above is to be able to replace the current examinations of the 
PZR and SG circumferential welds at the end of manufacturing by alternative UT techniques insuring a 
quality level of the welds against the reference standards and regarding the replaced technique that would 
be acceptable for the customer. 
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Figure 2: steam generator welds of concern 
 
 
 

This will be achieved by including the alternative in the reference code with the support of adequate 
evidences taking into account experimental data on appropriate test blocks and engineer reasoning. This 
work is different of those to be performed for the automation of a technique (e.g. UT), that is possible and 
foreseen in the code (see an example in 2)). 

The justification file will be dedicated to the scope of concern only and shall take into account the 
new developed automated combined system and the environment. 

This new combined equipment includes the so-called “replacing techniques” UT phased array 
technology and UT TOFD (with either conventional or phased array probes for this latter depending on the 
set-ups). The development of this system and the equivalence tests on representative blocks are done by 
ZETEC Company. 

ZETEC also develops the manipulator. The manipulator equipment is based on a carriage supporting 
the UT probe arrangement tool that supports all the probes and the TOFD set-ups (see more details in 1)). 
The scanning of an elementary sector of the part is provided by the carriage movements, and then the part 
is rotated to reach the following sector, until 360° coverage. 
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When shifting from conventional UT probes to phased array probes and TOFD techniques, the goal 
is to refer as far as possible to the dedicated standards. Some are already released and some are still under 
development. In the latter case, their contents are anticipated if possible. 
 
Means for justification file 
 
The main support for the demonstration file is experimental data acquisitions. Test blocks containing 
realistic and artificial flaws have been acquired with all the replaced and replacing methods/techniques. 

The first test block referenced “AFCEN” contains cracks, lacks of fusion, lacks of penetration, 
aligned inclusions and clustered gas cavities. Its geometry and dimensions (thickness 120 mm) are 
representative of the scope of concern. 

The second block referenced “BCCN” contains cracks, lacks of fusion, lacks of penetration and 
inclusions. Its thickness (255 mm) covers the present scope and could even be used later on for thicker 
components. Both blocks include a representative narrow gap weld. 

All the flaws of different sizes are located through-wall at various depths. 
A last block referenced “CIC” (“hot isostatic compacting”) contains embedded planar artificial 

defects. It is used to determine and check TOFD set-ups capabilities (not presented in the paper). 
 
STRATEGY AND CHALLENGE OF THE EQUIVALENCE FILE 
The alternative to the current practices (conventional UT + RT) concerning the end of manufacturing 
examination of the PZR and SG circumferential welds could be proposed to the authorities for an 
implementation in the reference code if it is demonstrated that an acceptable quality level remains insured. 

The guarantee of the quality is obtained by meeting all the requirements of the RCC-M standard. So 
the replacing methods/techniques need at least to fulfil the RCC-M demands. 

The requirements of the code are numerous and some could be not hundred percent fulfilling; 
justifications are provided in these case. 

One way to handle the process is to demonstrate: that the new replacing techniques fulfil 
satisfactorily the code requirements. Ignoring the links with the replaced methods/techniques would 
however make us missing additional important information regarding the experience feed back. One 
consequence would be for example to over specify the new NDT system thus leading, for example, to 
increase repairs. 

The other way to proceed, followed in the present project, is to establish in parallel a level of 
equivalence between the replaced and the replacing methods/techniques. 

All the RCC-M requirements are checked, studied and justified, and elementary equivalence levels 
are defined. At the end, a synthesis is done in order to state whether the obtained equivalences considered 
together are acceptable against the expected quality insurance demonstration. 

The justification of the use of alternative NDT means in accordance with standards comes up 
against different problems.  

When the examination method changes (e.g. RT to UT), the intrinsic domains of capabilities 
regarding defects likely to be found are not equals, and besides, the representation of the defects are of 
different types (indication for UT, image for RT). 

When the examination technique changes (e.g. manual pulse-echo conventional UT to automated 
pulse-echo phased array UT), cumulative intrinsic uncertainties make difficult the determination of 
“equivalence”. 

In order to minimize as far as possible these issues, the following rules have been chosen. 
Firstly, the equivalences are always made by considering the two replaced method/technique 

together and the two replacing techniques together (in order to avoid not obvious complete dissociations 
like “conventional UT is replaced by phased array” and “RT is replaced by TOFD”). 

An elementary equivalence is set for each requirement of the standards. The requirement concerning 
the fulfilment of the NF EN ISO 23279 standard process (“cascade” procedure), which is very complex, is 
divided in several sub parts. All the defects included in the “AFCEN” and “BCCN” tests blocks are taken 
into account. Examples on “AFCEN” block (“BCCN” data acquisitions analysis is under way) are detailed 
in the next sections. 
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In parallel, from the results obtained on the test blocks with the replaced and replacing techniques, 
elementary comparisons of capability are performed (e.g. amplitude of detection in a given direction of 
propagation) to strengthen the final conclusion. 

Concerning RT, only the requirements concerning detection, classification and acceptability are 
considered. 

Finally, the alternative will be considered as acceptable if the final diagnosis obtained with replaced 
and replacing method/techniques are equivalent. 

If necessary and justified, the application of the TOFD standard NF EN 15617 is adapted to the 
present scope. 
 
EQUIVALENCE DEMONSTRATION 
 
All the requirements of the RCC-M code to be studied (mainly for UT techniques) in order to set the 
levels of equivalence between the replaced and replacing method/techniques are not of same level of 
complexity. 

Some are rather easy to justify (e.g. the application of principles of general UT standards). 
Other requirements (e.g. the number of directions of propagation) do not exhibit fundamental 

difficulties but reveal evident gaps between replaced and replacing techniques (automated UT 
examinations cannot be performed from inside) that shall be documented. 

The task is getting more delicate when dealing with requirements of detection, classification or 
unacceptability, this due to the fundamental differences of approach between UT (dealing with 
“indications”) and RT (dealing directly with “defects”) and between pulse-echo (regarding RCC-M, 
dealing with amplitude and length) and TOFD (regarding the available standard, dealing with height and 
length); moreover, the equivalence is less easily quantified as for sizing or positioning. 

The appropriate references to use are: the process of the NF EN ISO 23279 standard for UT pulse 
echo conventional or phased array, the application of criteria of S7714.4 article of RCC-M code for UT, 
the process (eventually with adjustment) of NF EN 15617 standard for TOFD UT and the application of 
criteria of S7714.3 article of RCC-M code for RT. 

Theoretically, considering the philosophy introduced above, the replaced and replacing 
method/technique could be deemed equivalent as soon as the final level of equivalence in term of 
“unacceptability”, and only this one, is 100% (all the defects being taken into account). However, the 
demonstration file will be stronger if there are also intermediate equivalences that are acceptable and 
justified on these defects, namely in detection, recording, and classification. A summary is presented in 
the flow chart of Figure 3. 
 
Equivalence level for detection 
 

The first sub requirement is the concept of detection. The background idea is to select the defects (or 
its indications for UT) which must be reported because potentially unacceptable. This selection has to be 
done in a correct way by both the replaced and by the replacing method/technique. In UT pulse-echo, an 
indication is recorded if its amplitude is ≥-6 dB, in RT, a defect is “seen” (and thus also recorded 
somewhere) if its image has been recognized by the operator and in TOFD, an indication is recorded (no 
threshold in the standards) as soon as it does not come from geometry or false calls (“indication of 
discontinuity is detected”). 

The answers to the relevant questions (“is the indication recorded?”, is the defect seen?”…) for all 
the defects of the blocks by applying the replaced and replacing method/techniques together enable setting 
a level of equivalence for a “detection” requirement (see also figure 3). 
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 Replaced method/technique Replacing techniques 

Method /  
technique  

Requirement   

Manual UT 
Pulse-Echo 

RT 
Automated UT 

Pulse-Echo 
UT TOFD 

     

Detection 
Recorded / not 

recorded 
Seen / Not seen 

Recorded / not 
recorded 

Detected/not 
detected 

  

 

 

 
Type of defect 

(e.g. crack) 
Phase inversion 

  
Classification V / NV V / NV V / NV V / NV 

 

    
(Grouping of indications / defects after classification)     

Unacceptability 

RCC-M criteria 

. NV, 

. V = f(L, Amax), 

. Grouped ind. = 
f (CUTi) 

RCC-M criteria 

. NV, 

. V = f(L), 

. Grouped ind. 
= f (CRTi) 

RCC-M criteria 

. NV, 

. V = f(LPE, 
AmaxPE), 
. Grouped ind. = 
f (CUTi) 

NF EN 15617 

and/or RCC-M 

criteria 

. NV or 

. NV = f(L, H), 

. V = f(LTOFD, 
AmaxPE) or 
. V = f(LTOFD) 
. Grouped ind. = f 
(CTOFDi) 

 
Figure 3: flow chart for characterization 

 
Concerning pulse-echo UT techniques, the MC 2638a) article of RCC-M code requires a first gathering of 
indications prior applying the NF EN ISO 23279 standard process. It is thus possible in our case to set a 
level of equivalence of this sub requirement for conventional UT replaced technique and phased array UT 
replacing technique. 

RCC-M requires indeed that indications detected at different directions of propagation are grouped 
(and thus considered coming from the same reflector) if they are closed enough together (basically in a 
range of 10% of the thickness of the component). When several indications are grouped, the maximum 
amplitude (“Amax”), the minimum depths (“Pmin”) and the maximum lengths (“Lmax”) are retained. 

The level of equivalence between conventional UT (replaced technique) and phased array UT 
(replacing technique) of this requirement is not conclusive for the final equivalence level but is important 
as the values of Amax, Pmin and Lmax are used as input data for the equivalences on some other sub 
requirements. 

For example, in the configurations for which outer surface access only is considered for both the 
replaced technique and the replacing technique, the Amax values for both techniques are within ±3,5 dB, 
the Pmin values for both techniques are within ±4 mm and the Lmax values for both techniques are within 
±21 mm. We conclude then that, for this requirement, the automated phased array UT technique is 
equivalent to manual UT technique at ±3,5 dB, ±4 mm and ±21 mm for Amax, Pmin and Lmax , respectively. 
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The issue we have to handle here concerns one (1) lack of fusion (“LF”) which features singular 
detection: depending on the technique and direction of propagation, several points of the defect are 
detected indeed and all the indications are not grouped on MC 2638 a) criteria (see Figure 4). This defect 
is handled in the requirement on grouping of indications after classification. 
 

 
 

Figure 4: “AFCEN” test block. DSCAN view showing 2 main spots of detection of LF defect 
 
Equivalence level for classification 
 
According to the reference code, the unacceptability requirement for UT pulse-echo is based on the type 
of indication or defect: non volumetric indications/defects, volumetric indications/defects exceeding 
specific length and grouped indications/defects exceeding specific values, are not allowed. It is thus 
important to set a level of equivalence on this sub requirement “classification”. 

On this topic, RT can meet easily the denomination “Volumetric/Non Volumetric” as the criteria on 
the detected defects are defined on the kind of defects themselves (cracks are non volumetric, lacks of 
fusion are non volumetric…). 

The issue comes up with TOFD (see figure 3). In the NF EN 15617 standard indeed, indications are 
“with” or “without” measurable height and, consequently, a height can theoretically be measured on a 
volumetric type indication (e.g. clustered gas cavities). The classification in volumetric or non volumetric 
indication is not used and, in addition, measured height and length are indeed not explicitly linked to a non 
volumetric discontinuity. 

One way to deal with this is to impose a dedicated relation between the measurement of a height 
only with an association to diffraction echoes and then a classification “non volumetric”. The direct 
consequence is that a volumetric indication will only be length characterised (see Figure 3). The 
assessment of this principle is under way because of the consequence on the new length criteria definition 
(see next requirement). In case of non acceptable justification at the end, we will have to come back with 
length criteria to apply also to volumetric indications. 

However, the level of equivalence between the two replaced and replacing methods/techniques 
might become rather high. 
 
Equivalence level for unacceptability 
 
In order to get a level of equivalence (actually the final one) for this requirement between the replaced and 
replacing methods/techniques (under assessment), the unacceptability criteria of the dedicated line of 
Figure 3 are to be applied. 

For (replaced) conventional manual UT technique, RCC-M criteria are used. Non volumetric 
indications are unacceptable. Volumetric indications are unacceptable depending on the measured length 
(-6 dB drop method) and the maximum amplitude. Grouped indications are unacceptable depending on 
specific criteria “CUTi”. 

For (replaced) RT method, RCC-M criteria are used. Non volumetric defects are unacceptable. 
Volumetric defects are unacceptable depending on the measured length. Grouped indications are 
unacceptable depending on specific criteria “CRTi” (applied on cumulated elementary lengths). 
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For (replacing) automated phased array UT technique, RCC-M criteria are used. Non volumetric 
indications are unacceptable. Volumetric indications are unacceptable depending on the measured length 
(-6 dB drop method) and the maximum amplitude. Grouped indications are unacceptable depending on 
specific criteria “CUTi”. 

For (replacing) automated TOFD UT technique, some criteria from NF EN 15617 standard and 
RCC-M are used. The only way to get a conservative equivalence is to make non volumetric indications 
unacceptable whatever their size (however, a proposal of evolution is discussed in the next chapter). 
Volumetric indications detected by both techniques are unacceptable by applying the UT pulse-echo 
criteria with the greater value of the lengths measured in pulse-echo and TOFD. Volumetric indications 
only detected by TOFD technique are unacceptable depending on the measured length against already 
existing (in the standard) or specific TOFD criteria. These criteria are still to be defined regarding the 
whole results on the tests blocks and considering also the length criteria applicable for the other 
method/techniques. Grouped indications are unacceptable depending on specific density criteria “CTOFDi”. 
 
Acceptance criteria for TOFD technique 
 
As introduced here above, the use of UT TOFD technique as one of the replacing technique needs a 
particular demonstration in the file. Indeed, this technique being not introduced yet in the RCC-M code, 
no value of criteria exists (neither for NV nor V indication). Moreover, the fulfilment of these criteria shall 
take into account the other (phased array UT) combined technique. 

The natural proposal to get an equivalence level on unacceptability at least conservative is to keep 
the unacceptability criteria of RCC-M for any non volumetric indication whatever its size. This could 
however involve more repairs, at least until the upgrade of the standard (introduction of recording levels is 
under study). 

There is also the possibility to use the criteria of the TOFD standard for non volumetric indications 
that authorize to leave some in the parts, depending of their size. This was not allowed before but would 
be a way to take profit of the height sizing capability of the TOFD technique: the equivalence would be 
lower but the reliability in term of planar defect characterisation might be improved without increasing 
repairs rate. 

So our aim is also to propose a level of equivalence that will state this gap, but providing in addition 
a justification that, mechanically, the remaining small defects can be left indeed in the components of 
interest over the total lifetime of the plant.  
 

Acceptance level 

Acceptable 
Maximum Length 
lmax (in mm) if h<h2 

or h3 

Acceptable maximum height (mm) if 
l ≤ lmax 

Acceptable 
maximum height 

(mm) if  
l > lmax 

Surface 
breaking 

indication h3 

Embedded 
indication h2 

1 50 3 5 2 

 
Table 1: set of acceptance criteria for acceptance level 1 of NF EN 15617 standard 

 
 
This mechanical study (representative of our scope) aimed at justifying that, in one representative 

configuration (the most penalising weld of the pressurizer), at least one of the acceptance level of the 
standard refers to criteria in accordance with the allowed non volumetric defects. The calculations 
performed take into account the acceptable limits in initiation and propagation of defects over 60 years 
lifetime. 

The results on the sizes of acceptable defects show with comfortable margins that one could refer to 
acceptance level 1 values of the NF EN 15617 standard (see Table 1). 
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REQUIREMENTS QUANTIFICATION OBSERVATIONS 

Conformity to standards 
Equivalence in the limits of 
application of new standards 

Standards on phased array 
technology in progress 

Qualification and certification of 
the operators 

Partial equivalence  
Provided adequate training and 
practices are managed 

UT calibration blocks Partial equivalence 
In the limits of applicability to 
the replacing techniques and of 
availability of new standards 

UT reference blocks Partial equivalence 
Non conformance on the 
reflector size in TOFD technique 
justified in the demonstration file 

Reflectors sizes for UT 
calibration in UT pulse-echo (PE) 

Equivalence  

Number of directions of 
examination in UT PE 

Partial equivalence when manual 
UT are performed from one side 
No equivalence when manual UT 
can be performed from 2 sides. 

The non equivalence can be 
compensated (TOFD, sectorial 
scan…) 

Zone coverage Partial equivalence In progress 
Amplitude and length 
measurement principles 

Full equivalence  

Grouping of indications from 
several directions of propagation 

Equivalence 
Checked on one AFCEN block 
defect 

Retained depth (Pmin) after 
grouping (UT PE only) 

±4 mm when manual UT are 
performed from one or two sides 

No interesting supply of T60° 
additional angle 

Retained length (Lmax) after 
grouping (UT PE only) 

±21 mm when manual UT are 
performed from one or two sides 

To be confirmed 

Retained amplitude (Amax) after 
grouping (UT PE only) 

±3,5 dB when manual UT are 
performed from one side 

When manual UT are performed 
from two sides: in progress 

Depth positioning (UT PE); 
comparison defect by defect 
(intrinsic capability) 

±7 mm when manual UT are 
performed from one or two sides 

On BCCN block. To be 
confirmed 

Recording level (UT PE) Full equivalence  
X location ±35 mm when manual UT are 

performed from one or two sides 
On BCCN block. To be 
confirmed 

Depth positioning (UT PE + 
TOFD only) using Pmin for UT 
PE 

±13 mm when manual UT are 
performed from one or two sides 

On BCCN block. To be 
confirmed 

Detection Equivalence  
Classification In progress  
Grouping of indications / defects In progress Checked on one AFCEN block 

defect 
Unacceptability In progress Several proposals can be made 

 
Table 2: summary of temporary results 

 
 
FINAL EQUIVALENCE 
The equivalence file that will be proposed at the end to the customer shall include the necessary 
demonstration of the suitability of the replacing techniques for all the RCC-M requirements (examples are 
summarised in Table 2). At the moment, the results are partially available and need to be completed.  
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Temporary levels of equivalence obtained so far however show a general tendency that might be further 
confirmed. The local specific remaining issues on a few defects will also be explained and documented. 

Several final levels of equivalence can be proposed depending whether acceptance criteria of the 
TOFD standard for V and NV indications are used or not. Some levels would allow taking profit of TOFD 
capabilities but represent an important evolution. 

In addition, the level of equivalence regarding the replaced and replacing equipments will be 
considered. 
 
CONCLUSION 
The replacement of current manual UT and RT examinations of welds of heavy components by advanced 
automated UT techniques at end of manufacturing would undoubtedly take a great step forward in term of 
environment issue, productivity and NDT reliability. 

The goal is by the way very complex: several different NDT methods and techniques must be 
considered together, standards to be met are very demanding and component geometries involve enhanced 
developments. Alternative to RT is currently under way for several applications but, in the present case, 
the demonstration file to be provided is a first of a kind indeed. 

The equivalence file is being constituted and data are still to be acquired and analysed. However, the 
first results obtained by the new UT equipment (ZETEC developments) are encouraging. Phased array 
probes have been developed in order to cover at least the same field as the replaced conventional one and 
the TOFD set-ups have been optimized to provide in addition all the capability of the technique. 

One cannot obtain a pure comparison and equivalence between the replaced and replacing 
methods/techniques; our aim is to provide finally the customer and the safety authority with a package 
made of an appropriate combined system plus a related demonstration file presenting an overall 
documented level of equivalence between the means to be changed. 

A more conservative equivalence reached by keeping the same criteria for non volumetric indication 
(unacceptable whatever the size) or a lower equivalence level (but associated to a more accurate diagnosis 
thanks to TOFD sizing capabilities, namely taking into account the planar defect size in the criteria, and 
without increasing repairs rate) could be proposed and discussed at the end by all parties. The 
determination of new possible TOFD length criteria for volumetric indication is also under study. 

First results on “AFCEN” block have been introduced. They need to be confirmed indeed, adjusted 
and completed by those on “BCCN” test block to get an as large as possible panel of data on 
representative defect shapes. Besides, a few delicate comparisons on analysis of defects with complicated 
shapes are under way. 
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