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ABSTRACT 

 

In order to implement contact UT phased arrays sensors on uneven surfaces, AREVA launched 4 

years ago a project of developments with the CEA flexible probe technology. 

AREVA/IBGSI was addressed for lead and for sub-contracting of a set of partners: “CEA 

LIST”, “IMASONIC” and “M2M” companies. 

Three main challenges came-up at the start:  

• the targeted phased arrays smart probe had to be designed for industrialization on rather 

simple but large scaled geometries,  

• the acoustic part had to be designed to make UT propagate inside constraining media 

structure to detect the specified target, and  

• system and personnel had to be submitted (including inspection procedures) to Inspection 

Qualification frame of ENIQ methodology.  

All of this made this demanding project a “first of a kind”. 

The first feasibility step involved a prototype probe with standard mechanical features, for a 

dedicated UT behavior validation. The prototype probe was build and transmitted for 

verification tests on specific test blocks. 
This feasibility encompassed UT performance demonstration in shop. Some in-situ 

implementation checks were done. The prototype flexible probe allowed fulfilling the inspection 

objectives already in this standard configuration. Some associated experimental and simulation 

results are presented in the paper. 

The first manufacturing of new mechanic items, for the manipulator (probe holder, 

strengthener…) and the probe characteristics (profilometer, coupling circuit…), was launched 

almost in parallel. 

The final probe design resulted in a 48 elements linear phased array probe, enabling to 

maintain the UT behavior and the specified UT beam characteristics for the even coupling 

surface also on wavy coupling surfaces. 
The final smart probe is intended to be qualified in a due form within its final environment 

(i.e. complete equipment). Open and blind tests will be done on qualification mock-ups including a 

“real surface state” customized block. 

In the meantime, the large half part of the present paper will describe a few new industrial 

challenges for probe implementation. 

 

 

INTRODUCTION 
 

The nuclear industry often features heavy structures and stringent safety regulations. Indeed the 

primary components in the reactor building area are several tons of steel manufactured, welded, 

installed and classified with the highest security level, which require frequent UT examinations 

to verify their integrity. 
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Some of them include austenitic steel welds which do pass end of manufacturing and in-

service validations through Non-Destructive Tests. Ultrasonic examinations (“UT”) are often used 

and the requirements for its application are sometimes challenging to fit these assemblies and the 

required sensitivity levels. 

If radiographic testing is sensitive to thickness variations of the parts for density 

homogeneity, UT will be sensitive to metal structure and surface evenness, which could even 

prevent sufficient probe coupling and cause sound field disturbances in case of contact UT 
technique. 

In specific cases of large austenitic butt welds, AREVA had to overcome regular unevenness 

surfaces due to pipe bending. These uneven scanning surfaces have an impact on sound 

propagation and sound field parameter within the structure. 
The actual surface state was declared to be in accordance with the domain of application of 

the flexible probe technology developed by CEA and under practical integration for several years. 

In order to be ready to propose industrial reliable NDE equipment for this case, the 

development and implementation of a smart contact flexible phased arrays probe was launched in 

a qualification target frame. 

A first UT feasibility study was performed followed by the specification of the probe in its 

final environment and also lessons learned for prototype application. Adequate UT system features 

and mechanical means have then been developed in parallel. 

The adapted design of NDE equipment meets the geometry and the structure of the 

assemblies of concern. The equipment including the flexible probe is intended to be used on the 

local surface perturbation only, as a back-up solution at the limits of the regular UT phased arrays 

technology. 

The equipment is currently in its qualification phase. It is presented in this paper, together 

with the first results of evidence of capability obtained on dedicated mock-ups. 

 

 

FLEXIBLE PROBE TECHNOLOGY 
 

The flexible probe technology developments started 20 years ago
1)

. CEA started working on it in 

the early 2000’s
2)

 and since, several industrial applications have been intended
3)

. 

 

 

Figure 1 - smart flexible phased array principle. 



 

 

The challenge was to perform a UT examination from an irregular (not flat) surface profile, 

with phased arrays contact probes, by using a flexible probe wear plate. 

The figure 1 here below describes the principle of the smart flexible phased array with the 

different steps performed in real-time (faster than the usable “PRF”): 

1. Profile measurement of the irregular surface 

2. Adapted delay computed in electronic device 

3. Applied new delay law adapted to the contours 

The profilometer system is based on optical measurement. 

The profile of a complex surface is reproduced on the flexible array and the related 

deformation is determined by the optical measurement of the vertical displacement of the pistons 

(see figure 2). Then, the displacement of each element is interpolated using an adequate 

interpolation curve (“spline cubic” interpolation is used). Both the interpolation and delay law 

computation are performed in conformance with the UT system real time processing. 

 

 
 

Figure 2 - Optical measurement of the aperture deformation 

 

 

SPECIFICATIONS 
 

Many actual outer profiles have been collected at the start on pipes with circumferential austenitic 

butt (narrow gap) welds in order to define the parameters for the design of the flexible array probe. 

They were made all around the parts in the vicinity of the weld centre lines and reported.  

The outer surface profiles allowed estimating the domain of variation of interest. It is 

schematized on the figure 3. 

The profiles have been measured down to 10° step circumferentially in the most accurate 

cases, namely each 80 mm in linear scale. The profile evolution/gradient along this distance is very 

smooth and regular, even if it encounters gaps > 0,5 mm under a 50x50 regular and rigid phased 

arrays probe. 

In other words, the profile along the width of the active aperture of the probe (e.g. 40 mm in 

the case of the new probe designed during the feasibility study, see below) can be estimated as 

regular (no circumferential gap expected), even considering in addition the natural curvature of the 

large outer diameter (~1 meter). 

The development of an appropriate flexible probe design was thus launched on a “2D” probe 

type basis. 

After the feasibility study, the physical characteristics of the new flexible probe were 

defined starting from those of the existing prototype one used so far. The goal was to increase the 

sensitivity of the probe. 

At the beginning of the design works, the aperture of the probe has been raised by increasing 

the number of elements to 64; this allows a better focusing of the beam (and thus a higher energy). 

Besides, the frequency was decreased in order to lower the attenuation phenomenon 

(attenuation proportional to (frequency)
2
). 

Considering the new array, new sizes of elements and new pitches are associated. 



 

 

Supported by simulations, the decision to decrease the number of elements to 48 was frozen 

after final discussion and evaluation of design data by the UT. The industrialization aspect, 

specifically the way to handle both the weight and the contact of the probe to the surface for an 

adequate coupling, was determining in this decision. Frequency was by the way fixed to 1.5 MHz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - schematic drawing of circumferential regularity between 2 consecutive profiles 

 

This choice was confirmed during the UT pre-qualification trials performed with the 

manufactured prototype 48 elements probe. 

The step of the specification of the final probe aimed at taking into account: 

• the results of the test blocks with the prototype probe, 

• the UT acquisition and analysis software and hardware, 

• the manipulator, for automated examination on the pipe welds, 

• the profilometer, to be able to handle the maximum specified surface irregularities, 

• the adaptations directly linked to the in-situ configuration, and exhibited through 

dedicated trials on the test blocks, 

• some feasibility studies from the manufacturer. 
 

SPECIFICATION VALUE 

Usable linear range of the profilometer 

(maximum stroke of the pistons for optical 

measurement) 

30 mm * 

Tightness against coupling media OK 

Cleaning optical measurement area Available 

Blocked rotation piston (increase of accuracy 

for OD profile measurement) 
± 2.5° 

(*) for a maximum mechanical stroke displacement of 40 mm 

 

Figure 4 - specifications for the final probes 

θ direction 

X direction 

Profile at θ 

Profile at θ + 10° 

~80 mm 

2D Probe foot 

print (linear 

array) 

No profile evolution 

postulated within 1 probe 

width 

40 mm 



 

 

 

The main challenges handled during the final specification are summarized in the table of 

figure 4. 

Pictures representing the final probe are given in the section “Manufacturing”. 

 

 

UT FEASIBILITY 

 

The first step was a preliminary feasibility checking conducted through practical trials on a block 

containing surface with different gaps. A 2 MHz and 24 elements probe from the CEA was used.  

The second step of the feasibility consisted to get the evidence that a dedicated flexible 2D 

phased array transducer capable to reach the expected NDE capabilities when examining a worse 

case surface profile in an austenitic structure could be designed indeed. 

The design work to determine the optimum parameters for a prototype was done in this 

second step by simulations with CIVA software. 

The characteristics of the structure representative of the austenitic welds of interest were 

recorded and used by CIVA. Simulations of the flexible probe beam interaction with specific 

artificial defects having the same characteristics as some included in a dedicated mock-up were 

performed. These comparisons allowed calibrating the simulations according to relevant 

examinations. 

Once calibrated, other simulations were performed with a first new optimum probe design 

(64 elements), with the same configurations as previously, and then with a second 48 elements 

probe design (experts optimization). 

On the worst case defect configurations, with flat surface, the amplitudes of the echoes 

allocated to detection and sizing of the defects were at least 13 dB and 8 dB of SNR respectively. 

Finally, some of the actual profiles introduced above were recorded in a CAD way to be 

implemented in the simulations and again beam/defect interactions were launched but with the 

unevenness surfaces now (and the 48 elements probe). 

In the worse cases of surface profile, the representative echoes were detected with at least 12 

dB and 6 dB of SNR respectively. 

A prototype probe was manufactured and used on test blocks (see the paragraph 

“Qualification” below). 

 

 

MANUFACTURING 
 

Probes have been manufactured by IMASONIC Company according to CEA licence. Compare to 

a “conventional” phased array probe, flexible arrays are very specific for the following reasons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – final linear flexible probe applicable to large surface variations 



 

 

• The probe is made of many individual elements, each element is considered as an 

independent transducer and must integrate a matching layer, piezocomposite material, 

damping, in a very reduce volume. 

• A complex structure must be implemented inside the probe; this is a mechanical system 

made of pistons, allowing matching the flexible part on the inspected surface, and the 

measurement profile system, made of optical / electronic components.  

• In addition, the final probes designed for this application integrated two dedicated new 

specificities: 

o an active aperture that is the largest active part IMASONIC has ever manufactured 

for 1D flexible array (which involved changing the electro-acoustical design for a 

quite new one and adapting each individual casing to these new dimensions), 

o a new profile measurement system with a larger stroke, integrating new 

components. 

The total active length of the probes is about 70 mm. The frequency is 1,5 MHz and there 

are 48 elements in a one dimension array arrangement (for both prototype and final probes). 

The manufactured pistons have a maximum mechanical stroke between 40 and 50 mm. 

The profilometer is based on an optical detection of the pistons displacements. The system 

was improved by limiting the rotation of each piston during their linear displacements. 

IMASONIC worked deeply (thousands of compression cycles were performed in several 

campaigns) to secure the tightness of the probe casing regarding coupling media, the probe being 

intended to be used in all positions. 

Finally, the new manufactured optical measurement system operates over more than 35 mm 

height displacement, thus meeting the initial requirement (see above “specifications”). 

The final flexible probe is shown on figure 5. 

 

 

EQUIPMENT 

 

 

UT system 

 

The UT system used for this application is a phased electronic with 64 channels in parallel from 

the M2M company (“Multix++”). M2M, in collaboration with CEA, developed a new software 

version in order to improve the performance of the acquisitions (no limit of shots, several salvo, 

optimization of specific data storage from the profilometer).  

 

 
 

Figure 6 – Example of set-up display screen with 3 salvos and information about the profilometer 

of the flexible probe 



 

 

 

Some specifics tools devoted to the use of profilometer measurements have been developed: 

• a clear button to adjust the reference altitude 

• an instrumented alarm when the profilometer is out of range (blue button in the picture of 

figure 6) in the parameter panel and acquisition panel 

• a mechanical CSCAN alarm in acquisition panel. 

The data analysis is done with a new version of CIVA software. It takes into account the 

access CSCAN alarm view and new specific tools (see example on figure 11). 

The software enables checking in line the quality of the acquisition. Besides, the profile 

measured by the optical system is included in the true BSCAN view. 

 

 

Mechanics 

 

The application of the flexible probe can be done with the same basic robotics, circumferential 

track, 2-axis robot and control system, as already in place for the regular UT inspection with 

standard phased array probes. 

The main adaptations on the robotic system are: 

• coupling system utilizing a special gel mix instead of water to reduce the risk of 

penetration of coupling into the flexible probe sensor 

• reinforcement and optimization of the probe holder to accommodate the higher weight of 

the probe and the support parallelism of the main probe axis with the inspection surface 

(see figure 7). 

 

 

QUALIFICATION 
 

 

Mock-ups 

 
Several blocks were used along the feasibility and qualification phase, all in austenitic material: 

• One flat block with calibrated curved gaps for prior test the flexible technology 

capabilities, 

 

 
 

Figure 7 – final linear flexible probe in situation and its probe holder 

 

• Two with the same geometry as the parts, containing realistic and artificial flaws, 

• One with the same geometry as the parts, with locally border line anisotropic structure, 

with an angular sector containing notches and machined external profiles (see figure 8 a)). 

• Different gap heights are simulated on the mock-up (see the scheme for the worse case on 
figure 8 b)). The notches at the opposite wall have been located so that the 



 

 

detection position is for the flexible probe entirely affected by the gaps, when 

detection is obtained in the refraction angle domain range (35° - 56°). 
 

 

 

 

 

 

 

 

 

 

 a) b) 

Figure 8 - qualification block with calibrated unevenness surface (a)) - worse case of gap curvature 

and location of notches at the detection impingements (b)) 

 

All these mock-ups have a metallographic structures representative of the actual parts. 

 

 

Process 
 

The followed qualification process is defined in a qualification procedure. It is based on 
ENIQ recommendations. 

The qualification procedure encompasses the inspection procedure qualification with open 

tests and the personnel qualification, based on certification and internal qualification, with blind 

tests. 

Qualification dossiers have already been performed for the inspection of same components 

with standard phased arrays technology and on the same blocks (except those with customized 

surface). The results with the flexible probe will thus come up in complement and comparison. 

The first part of the qualification was performed with the prototype 48 elements probe (in 

situation on figure 9). 

 

 

 

Figure 9: prototype flexible probe on the qualification block with artificial uneven surface 

 



 

 

Phased arrays beam in [-60° - 60°] angle range were used, with optimized point focusing. 

With the prototype probe, not implementing the final profilometer, the results in detection 

and sizing of the defects on the qualification block with even (gap < 0,5 mm) are at least as good 

as with the regular rigid phased arrays probes. 

On uneven surface (gap up to ~2,5 mm under a 50 mm rigid probe), were some defects 

could not be detected with the regular phased arrays probes, the detection of diffraction type 

echoes was performed with at least 6 dB of SNR, as illustrated on figure 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 a) b) 

Figure 10 - 48 elements prototype probe on a gap of the qualification block (a)) and corresponding 

BSCAN display (b)) 

 

On this figure, the corner echo and the upper tip diffraction echoes are clearly exhibited 

despite of the perturbation during the scanning. The effective law here is 45° compression wave. 

This confirmed the results of the previous feasibility (see above). 

The height sizing of the defects (notches and mechanical fatigue cracks) in the open test 

blocks was within 1,5 mm. 

The qualification open and blind tests are now to be done with the first final probe, which 

includes all the specifications of the figure 4.  

The final probe has already been submitted to reception tests. 

The figure 11, here below, illustrates one of the screen displays for analysis during the 

reception tests (the display of merge data for several is also available). 

 

 

 

Figure 11 - Analysis display of one salvo from final probe in the worst case of gap curvature with 

final probe 



 

 

Results obtained with the prototype probe could be utilized in complement, since the 

acoustical part of the final probe is identical to the prototype with 48 elements. 
The qualification process with the final flexible probe will also include personnel training, 

inspection procedure and technical justification issuance. Personnel follow training on the 

equipment, with competence confirmation, before performing blind tests. 

 

 

CONCLUSION 
 

The considerations during the design phase and the outcome of a complete industrialization of the 

flexible phased arrays technology was presented in this paper. 

AREVA is ready to present a first of a kind way of examining austenitic material by UT 

when the surface is perturbed, namely out of the standardized gap range of 0,5 mm. 

The project involved a coherent chain of vendor, developer, probe and UT system 

manufacturers. 

Among several other solutions, AREVA has chosen and now got one that maintain at least 

the same capabilities as any automated regular equipment, but whatever the surface evenness in a 

consequent range. 

Many challenges were overcome concerning the manufacturing of flexible arrays for such 

large displacements and the appropriate strengthened mechanic for site implementation, including 

enhanced coupling media handling. 

For CEA, this project is an evident good example of industrial application of their patented 

flexible technology. 

For IMASONIC and M2M companies, it sounds like recognition of their advanced 

knowledge with a combination between a challenging target and an industrialization level never 

ranked in the domain of flexible probe technology. 

For AREVA and its entity IBGSI in Germany, this project will provide a tool able to satisfy 

customers regarding nuclear service inspection issues on as-built surface states. 
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