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Abstract 
 

The alternative to manual UT and radiographic testing by means of enhanced phased array and 
TOFD technologies for end of manufacturing NDT was industrially implemented at 
FRAMATOME/SAINT-MARCEL factory for testing of steam generator and pressurizer 
circumferential ferritic welds. 

The generic automated equipment has been complemented to examine all the ferritic welds of 
the primary components up to 250 mm thick and is currently under qualification. 

This paper addresses how these new enhanced UT examination techniques are implemented 
with the aim to fulfill the manufacturing standards and the regulations requirements. 

In order to keep on meeting always stringent and systematic requirements for the new welds, 
tandem configurations, using the LLT technique, are used. They allow enhanced detection capability 
on planar flaws perpendicular to the inspection surface. Both single probe and two-probe 
configurations cover the complete wall thickness.  

In parallel, asymmetric TOFD set-ups (already used so far), generated with phased array probes, 
have also be carried over. 

For a more comfortable handling of the limitations which occur locally, scanning from the 
inside of the components has been developed.  

For RPV large thicknesses, the qualification and inspection objectives involved putting other 
manipulators or mechanical extensions in place for inside surface examination which are described 
here. 

Besides, due to the thicker welds of the RPV, larger matrix phased array probes are used and 
involve the implementation of x2 UT systems in series; their fit-for-purpose and capabilities are 
presented.  

Examples of performance demonstration results obtained thanks to these new equipments will 
then be discussed regarding the new challenges that FRAMATOME had to face in this first of a kind 
exercise of manufacturing NDT qualification. 
 

Introduction 
 

The alternative to manual UT and radiographic testing by means of enhanced phased array and 
TOFD technologies for end of manufacturing NDT was industrially implemented at 
FRAMATOME/SAINT-MARCEL factory for steam generator and pressurizer circumferential ferritic 
welds. This possibility is offered thanks to the prior implementation of the new methods in the French 
“Design and Construction Rules for Mechanical Components of PWR Nuclear Islands” (RCC-M) 
code. 

The frame so far is mainly the steam generator replacement campaigns. The scope of RT 
alternative is thus limited to 180 mm thick welds ([1]). 

In order to encompass all the thick welds of primary components, namely the large 
circumferential RPV ferritic welds (up to 252 mm thick for the shell welds), additional equipments 
have been added. 

Considering thicker welds for examination means making all the devices (probes, mechanics, 
UT apparatus) bigger and sometimes new inspection features. 
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Regarding the most important defect type, namely planar defects perpendicular to the surfaces, 
mode conversion “tandem” technique has also been implemented, in specific complementary 
configurations (single probe and dual separated probes). 

The set-ups were optimized by balancing UT performances, inspection objectives and 
industrialization. 

The symmetric and asymmetric TOFD (Time Of Flight Diffraction) techniques used in the first 
generic equipment (for SG and PZR welds) were also adapted by increasing the number of 
complementary depth zones (up to 205 mm). With such thicknesses, the zone coverage in case of 
obstacles is improved by using asymmetric TOFD, but additional examination from inside was 
necessary for a more comfortable handling. 

Concerning the phased array UT probes, 2D matrix arrays are now needed for larger depth 
coverage. They will be discussed later on in the paper together with the associated equipment (two 
256/256 parallel DYNARAYR). 

The validation of this new enlarged equipment had moreover to be justified according to the 
ENIQ (European Network for Inspection Qualification) type inspection qualification guides.  

In addition, specific customer regulations and practices were implemented.  
This process is quite new in an end of manufacturing context and it represents an influencing 

background continuously driving the technical orientations. 
 

Scope 
 
The described new equipment is applicable for low alloyed ferritic circumferential welds of the 

French plants steam generators (“SG”) and EPRTM SG, pressurizer and RPV (fig 1). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Pressurizer, Steam Generator and Reactor Pressure Vessel welds outline 

 
The names / location of the (thickest) RPV welds are identified in table 1. 
 

Weld B RPV Closure Head Dome to Flange weld 

Weld A’ RPV Nozzle Shell to Upper Core Shell weld 

Weld A RPV Upper Core Shell to Lower Core Shell weld 

Weld A’’ RPV Lower Core Shell to Transition Ring Weld 

Weld B RPV Transition Ring to Lower Dome weld 

Table 1 –RPV welds identification 

 



 

The overall thickness range is about [100 mm ; 259 mm], with weld widths between 20 and 25  
mm and weld lengths up to 16 meters. 

 
First phase: developments and techniques 

 

Introduction 

The alternative advanced set of UT techniques used for the end of manufacturing NDT on the 
welds described here-above is the following: 

 Pulse-echo with phased array (and conventional) probes, 

 Symmetric and asymmetric TOFD with phased array (and conventional) probes, 

 LLT (tandem) with phased array probes. 
This set of means allows examining the SG and PZR welds according to the first in-factory 

implementation (see [2]) now completed, but also provide sufficient detection and characterization 
levels to cover the full scope described above (including RPV). 

Developments and extensions regarding the first equipment (for SG and PZR) were necessary. 
They were first presented at the 11th International Conference on NDE (see [3]). 

Pulse-echo technique 

Concerning the pulse-echo technique, the former equipment was carried over, but with enhanced 
capabilities for larger thicknesses: 

 fixed refraction angles: CW0°, SW45°, SW60°, CW and SW70° 

 7 skew angles (range ±15°) for each (see figure 2) 

 Raster-scan with scanning perpendicular to weld axis. 
CW0° probes are conventional mono-element and dual-element probes.  
Angle probes are 2D matrix phased arrays probes (2 MHz, 120 elements probes). The probes 

have been increased from 56 to 120 elements to take into account the coverage of the RPV 250 mm 
thick welds. 

 

 

Figure 2 – Simulated 0° to +15° skew angle beams 

 
TOFD techniques 

Symmetric and asymmetric (in case of obstacles, see [3]) TOFD techniques already developed 
have been improved in order to meet the zone coverage requirements for RPV welds. 

For symmetric set-ups, 7 zones (instead of 5 for SG and PZR weds) through-wall (see figure 3) 
have been defined. Their characteristics are presented in table 2. 

The two probes PA1 and PA2 cover three zones each. 
 
 
 
 



 

 
 

Figure 3 – TOFD zone coverage for 250 mm thickness 

 

Set-up  

« Zi » zone – probe 

Freq. 

[MHz] 
Dimension 

Nb of 

elements 

Angle 

[°] 

PCS 

[mm] 

Coverage

[mm] 

Z1-Conventional 10 Ø 3mm 1 70 25 1.5 - 9.5 

Z2-Conventional 5 Ø 3mm 1 60 70 6 - 36 

Z3-PA1 5 6 x 10 mm 10 60 270 35 - 112 

Z4-PA1 5 
7.2 x 10 

mm 
12 50 270 80 - 142 

Z5-PA1 5 
7.8 x 10 

mm 
13 40 270 132 - 190 

Z6-PA2 5 9 x 10 mm 15 45 400 172 - 227 

Z7-PA2 5 9 x 10 mm 15 40 400 207 - 268 

Table 2 – Characteristics of the TOFD set-ups. Thickest welds. 

 
LLT techniques 

Despite the fact that the pulse echo and ToFD techniques are capable to reach the qualification 
objectives, it was decided to improve the detection performances by implementing an additional 
tandem technique. 

This technique enables indeed the examination of the full thickness with an optimal number of 
probes and set-up parameters which are basically calculated according to the formulas provided in the 
standard reference NF EN ISO 16826: Ultrasonic testing - Examination for discontinuities 
perpendicular to the surface. 2 MHz linear phased arrays probes are used. 

The principles of LLT techniques (see figure 4) used are introduced in [3]. 
The probe position parameters are calculated through ULTRAVISION® 3 software developed 

by ZETEC. 
The depth to be inspected is divided by steps of 5 mm each.  
Single “L-T” and dual “T + L-T” probes are used. The single probe allows covering the first 2/3 

in depth and the dual probe the remaining 1/3 part close to the inner surface. 
For the SG and PZR welds (maximum 180 mm thick), an 80 elements array is used for the “L-

T” probe and a 40 elements array for the “T” probe. For the largest 252 mm thick welds (RPV), 120 
and 80 elements arrays are used for L-T and T probes, respectively. 
 



 

 

Figure 4 – Principle of LLT mode converted detection 

 
Theoretically, the “T-L-T” set-up covers 220 mm through-wall. The gap with the full thickness 

252 mm is not considered additionally because the detection of defects likely to occur in outer wall 
will be surely compensated by pulse-echo (corner effect). 

 
UT system 

Two 256/256 DYNARAY® are used in parallel. This is needed in the large thickness 
configurations with the 120 elements probes. Both apparatus are controlled through 
“ULTRAVISION® 3” interface as a single UT system. 

The way the 2 DYNARAY® share the channels (except for LLT technique where the 
examination is performed separately) is summarized on figure 5. 

The “Multi-Peak” reduction recording, like the compression, is carried out by the system in real 
time and therefore has no impact on the repetition rate. 

The original equipment developed in the frame of end of manufacturing examination of steam 
generator and pressurizer has many times been described ([3]). 

For the inspection qualification of the large RPV welds, new devices had to be supplemented. 
The structure of the UT system is the same: probe holders UT connected to the DYNARAY® 

apparatus, and remotely controlled (“ZMC2 controller”) for scanning. All devices are connected to the 
acquisition software. The UT data can be automatically recorded under different forms (raw, ASCAN, 
compressed …). 

Each apparatus shall be subject to these checks at acceptance on delivery, following repair and 
at least once a year. 

The ULTRAVISION® 3 software is used to control the DYNARAY® systems during 
preparation and execution of the acquisitions and, subsequently, to analyze the ultrasonic data and 
reporting (fig 6). 

The system allows performing all the needed checks before (calibration), during (coupling 
efficiency) and after (post calibration) the examinations. 

 
 
 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 – Architecture of the configuration using 2 DYNARAY® systems 

 
Manipulator and mechanics 

All the mechanical means needed to achieve the expected coverage of the welds in relation to 
the inspection qualification have been set-up. As an example, figure 7 shows which sketch was 
possible to handle for the examination of the RPV dome circular weld. 

 

DYNARAY 

256/256 

15 

256 Receivers 

256 Pulser-Receivers 

DYNARAY

256/256 

15 

256 Receivers 

120 120 

120 120 1 1 1 13 

13 1 1 

1 

8a 

1 

2 

3 

5b 

5a 

4 

7 

6b 6a 

9a 

9b 

10 

8b 

1 

256 Pulser-Receivers 

1-2-3-4 Phased Array Pulse-Echo 

5a-5b 
Linear PA 
TOFD zone 180 – 250 mm 

6a- 6b 
Linear PA 
TOFD zone 3-4-5 

7 Conventional 0° ER 

8a – 8b Conventional TOFD zone 1 

9a – 9b Conventional TOFD zone 2 

10 Conventional 0° PE 

 

DYNARAY 1

DYNARAY 2 



 

 
 

Figure 6 – ULTRAVISION® 3 software for regular analysis – Example of SCANs display 

 
In addition to the SG/PZR manipulator from outside (cylindrical geometry), the one schematized 

on figure 8 is dedicated to the elliptical surface of the RPV dome to flange weld. 
 
 

 

Figure 7 – Closure head dome to flange weld – Example of PA/PE zone coverage 

 
The magnetic wheels achieve the clamping to both flange and shell surfaces. This manipulator 

can also be used for the examination of the bottom head to lower shell weld. 
The examination of the RPV from inside is performed using the probe holder of figure 9. 
 



 

 
 

 

Figure 8 – Closure head dome to flange weld – Manipulator for outer surface scanning 

 

 
 

Figure 9 –Manipulator for inner surface scanning 

 
A photo of this assembly is shown on figure 10, in situation on a geometrically representative 

(curved) plate for the in-service feasibility tests. 
 

Second phase: inspection qualification 
 

Background 

The first developments of UT enhanced techniques for SG and PZR circumferential welds were 
performed in order to propose an alternative to manual UT and radiographic testing (end of 
manufacturing NDT required by the “RCC-M” French code). 

No specific frame of regulation existed for such type of process before “RCC-M” code 
implementation. So a dedicated process, based on the provision of a so-called “equivalence file”, was 
built-up, and included in the code (see [1]). 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 – Test of the inner surface manipulator 

 

 
 

Figure 11 – Qualification process 
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Today, in the context of larger thickness range, and in relation to EPRTM promotion, all the 
developments enter a formal inspection qualification frame of ENIQ type. This supports by the way 
the replacement of the manual UT associated to radiography by the advanced UT techniques described 
before. 

The qualification of these inspections is intended to confirm the effectiveness of the UT 
examination and provide additional confidence that all defects of concern will be detected at the 
manufacturing stage. 

The followed process is schematized on figure 11. Basically, several main parts are identified: 

 Part 1: preliminary activities (specifications, proposals...) 

 Part 2: equipment qualification tasks, 

 Part 3: personnel qualification tasks. 
The part 2 devoted to equipment performance demonstration encompasses a set of tests on 

blocks. An extract of mock-up drawing is shown on figure 12. The upper part of the figure is a general 
3D view of the test block (used for RPV head weld examination). It is encapsulated in a frame during 
the tests, this dummy support simulating the actual situation of the weld. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Sections with flaws 
 

Figure 12 – Extracts of mock-up drawing 

 
The lower part of the figure 12 is extracted from the drawing of the different defects and their 

locations in the weld. These artificial but realistic defects are (smooth) lacks of fusion wall and 
(rough) cold cracks. 

Other blocks are used in order to evaluate the performances and limitations with cladding. One 
is 195 mm thick, cladded, and contains crack-type flaws; it is dedicated to TOFD technique. Another 
cladded one contains 2 mm SDH at different depths. 

 
 

General view



 

Performance demonstration 

The process of the part 2 on figure 11 firstly demonstrates that the equipment for UT 
examination of large thickness ferritic welds has sufficient capabilities. 

In the so-called “Technical Justification” (TJ), technical evidences are given in a comprehensive 
way that, for all the influential parameters set to defined values (with tolerances if needed), the 
intended UT means do lead to fulfill the inspection objectives.  

In the “TJ”, the demonstration is done theoretically (physical reasoning), by modelling or with 
parametric studies, and is completed by the examination of test blocks which comply with these 
objectives (in terms of flaw population, geometry etc.). The mock-ups are scanned with the same 
equipment and using the same procedures as those described in details in the TJ. This constitutes an 
experimental evidence of what was anticipated. The results are part of the TJ as well; they have in 
addition been compared to those obtained by simulating the same inspection (CIVA® software). 

The examinations of the test blocks above are on the way. Nevertheless, the investigations 
already done so far allowed stating some performances in relation to the main inspections objectives: 

 The examination volume of the new large thickness welds of the RPV studied is 100% 
covered with several UT techniques (PA pulse-echo, TOFD, Tandem), at inner, outer 
surface and through-wall, 

 The inspection system has a high reliable detection plus characterisation of the main 
defects of interest, 

 The inspection system exhibits capabilities for characterisation of disoriented flaws. 
These results will be further supplemented. 
Lastly, the “part 2” process of figure 11 will be complete when the open tests performed in the 

same conditions as for the previous experimental evidence confirm the anticipated capabilities of the 
equipment. 

 
Conclusion 

This paper has presented the last developments which FRAMATOME/CM at St Marcel factory 
is in charge of. These developments concern the extension of the already implemented techniques (UT 
phased arrays and TOFD on steam generator circumferential welds) for the thicker welds of RPV. 

The techniques for SG examination have been validated and accepted by the French Safety 
Authorities through an equivalence principle demonstration. 

These techniques extended to the RPV thick welds (additional examination from inside, new 
TOFD depth zones, two UT systems running in parallel) are at the opposite currently undergoing a 
formal qualification process of ENIQ type. 

The work done so far shows that the equipment has the needed high level of diversity and 
redundancy to achieve a highly reliable fulfilment of the inspection objectives in terms of detection, 
sizing and characterization of the targeted defects. This includes also some particularities like flaw 
disorientations (tilt or skew) regarding the nominal configurations. 
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