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Abstract. As part of ITER, a tokamak called JT-60A is to be built in Japan. This 
tokamak includes 9 toroidal coils. The housings containing the superconducting 
coils are made of austenitic stainless steel 316L. The assembly of these housing 
includes 50 mm thick butt welds to be tested according to ASME. For this purpose, 
an ultrasonic procedure was developed.  
 Our development is based on our past experience including a 3 years 
collaborative study. 
 Our development is focused on the following key points: 
 • Use of refracted longitudinal waves 
 • Use of a phased array transducer 
 • Use of a focused beam 
 • Use of low frequency. 
 To get more energy in transmission and be sure to record the reflected echoes, 
a parallel architecture system was used. 
 On that basis, the main settings selected for ultrasonic testing of these welds 
were as follows: 
 • A 2.25 MHz 32 elements phased array transducer set on a wedge in order to 
generate longitudinal waves at 55 ° 
 • Sectorial scan allowing focusing on a quasi-arc. 
 Testing was carried out by means of a special arm having 3 degrees of freedom 
to allow cumulative level of information on indications. This was essential to obtain 
sufficient SNR images in order to be able to detect all reference defects introduced 
in the qualification block. This also demonstrated that the height measurement of the 
indications was possible, as requested by ASME. 
 The first welds were tested with the procedure applied on the site of 
production. We will discuss the feedback got from the first testing performed on 
site. 
 
 

1. INTRODUCTION  

As part of the ITER collaboration, a tokamak called JT-60SA is to be built in Japan. This 
project of Japanese tokamak is part of the accompanying program of ITER called "Broader 
Approach" defined in 2006 by an agreement between Europe and Japan. Among the 
components of this equipment, there are nine said toroidal superconducting coils supplied 
by GE Power. These coils are intended to confine the plasma. They will be implemented by 
the CEA, the end customer. 

More info about this article: http://ndt.net/?id=19264
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The coils are enclosed in boxes made of 316L austenitic steel (TF Coil in Fig. 1). 
Due to their great dimensions (over 7 m high and 4.6 m wide), the boxes needed to be 
carried into several sections assembled by welding. Each coil is made of three sections. 
Two transverse welds have to be tested by coil. A photograph of the piece just before 
welding the last welds is presented in Fig. 2. Testing is also performed in that piece 
position. 
 

 
 

 

 

Fig. 1. geometry of the ring coils  
as designed for JT60 project  

Fig. 2. a toroidal coil at the end of welding 

 
A sketch of the welding bevel and a photograph after polishing and etching of the 

reference block are shown in Fig. 3. The walls are 50 mm thick. This weld shows a coarse 
grained structure. 

Ultrasonic testing procedure shall meet the requirements of ASME VIII Section 
7.5.5. This code requires looking for a recording testing solution, leading to use encoded 
equipment. This leads also to perform UT testing in two steps, one for surface testing and 
the other one for the volume testing. For the surface testing, an ultrasonic technique using 
creeping waves generated by a specific probe was used successfully. However, to make the 
inspection easier, it was asked to the manufacturer to grind the weld. This also facilitates 
the appropriate volume coverage by multiplying the possible access. Due to the structure of 
the fusion zone and the anisotropy of the material, a conventional ultrasonic technique is 
not usable. That is why innovative PAUT testing had to be developed.  

  

Fig. 3. Bevel and reference defects implementation 
and photograph of the reference block with the defect 2 and 4 

(defects 1, 3, 5 and 6 are in other sections) 
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2. Feedback of Institut de Soudure on Austenitic Welds Testing  

The French Welding Institute conducted from 1992 to 1995 together with IZFP in 
Saarbrücken a collaborative research program on ultrasonic testing of austenitic steel welds. 

This research program had identified the main lines of development to be followed 
for testing austenitic welds:  Study ultrasonic beams deformation through the fusion zone as well as attenuation 

related to frequency;  Selection of the probes (frequency, waves type) based on previous results;  Measuring changes in attenuation along the weld. 
 

An important part of the works was to study the attenuation depending on the 
frequency for various steels [1]. In the case of 316L steel having a coarse grain structure in 
the fusion zone, the tests demonstrated that, in the case of manual metal electrode arc 
welding (MMA), attenuation does not increase regularly with the frequency (Fig. 4a). This 
is no longer true in the case of TIG welding where a steady increase in attenuation with 
frequency is observed (Fig. 4b). This can be explained by the finest structure obtained in 
that case. 

 

  
a) MMA welding b) TIG welding 

Fig. 4. Variation of the attenuation as a function of the frequency [1] 
(black: base metal, red and blue: fusion zone at two positions along the weld) 

 
This study also pointed out that the UT techniques giving  the best results were 

phased array or single element automatic testing associated with SAFT type post-
processing, both with longitudinal waves. This being especially true when the structure was 
a coarse one. 

Phased array technique allows sectorial scan with longitudinal wave leading to use 
the angles for which ultrasound are less reflected by the interface between the parent metal 
and the fusion zone. As a consequence the signal to noise ratio is improved. This technique 
also allows to focus the ultrasonic beam in quite good conditions. Focusing allows also 
improving the signal to noise ratio. It is also know that SAFT technique is equivalent to 
focus on reception. Phased array technology allows to focus both on transmission and at 
reception. 

In case of very coarse structures (316L thick and manual arc welding), it appeared 
necessary to use a phased array configuration with separate transmitter and receiver probes 
having a roof angle for generating a pseudo-focusing (TRL technique). 

 
Taking into account the ease of implementation and the speed of testing, phased 

array technic is the most suitable to perform weld testing in the frame of the JT-60SA 
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project. The welding structure doesn’t appear to be too coarse. That is why it was not found 
useful to make a full study of the ultrasonic transmission through the fusion zone. 

The choice of operating frequency and technology to use (pulse-echo or TRL) was 
determined by preliminary tests and constraints related to weld testing. 

3. Testing Philosophy 

3.1 Choosing the Probe 

Preliminary tests have thus shown that despite a relatively fine structure of the fusion zone, 
an ultrasonic frequency of 5 MHz was too high. Our choice was then directed to a 
frequency of 2.25 MHz. To allow some focus, we have selected a large probe. The 
characteristics thereof are as follows:  Center frequency: 2.25 MHz;  Number of elements: 32;  Orthogonal dimension: 20 mm;  Pitch: 1.6 mm. 

This provides an emission surface of 54.4 x 20 mm² and a near/far field limit of 670 
mm in water with all elements active. 

The probe is mounted on a wedge optimized for generating longitudinal waves at 
55° in low alloy steel. The refraction angle in the parent metal of the weld is 50.5° 
(VL=5565 m/s). 

3.2 Choosing Configuration 

Due to the nature of the material and the fusion zone in the connection area, the following 
was considered:  To reduce the structural noise: to define an appropriate focused ultrasonic beam;  To counteract the high attenuation in the weld: to choice setting-up allowing to have 

enough emission energy;  To overcome the anisotropy of the material:  the emitting element shall not be a 
receiver. 

In addition, a sectorial scan is needed to get the right angle of the beam related to the 
defects and the weld structure. 

 
To meet all of these points, angle and depth focusing need to be computed in a 

parallel phased array system (see Fig. 5). 

 
Fig. 5. The 21 focal laws in the weld with depth and angle focusing 
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3.3 Results 

All these parameters (probe + configuration) allow the detection of any defects within the 
reference block. However, two hindrances are still remaining, that’s why these parameters 
can’t be used on site:  The signal to noise ratio is still insufficient;  The detection of defects requires a different positioning with respect to the axis of the 

weld for each defect, which is incompatible with the mechanical systems usually used 
on site. 
 

Purely manual control of the solution is also not acceptable because:  it is no possible to improve the signal to noise ratio already observed;  The final client and the code require a complete record of acquisitions with encoding. 
 

To overcome all these limitations, a special arm with tree degree freedom was used:  x and y to know the position of the probe on the scanning plan and  3 to determine the rotation of the probe about the axis perpendicular to the surface at 
the point defined by the coordinates x and y. 
 

This arm can be held in position on the coil by a suction system. A photograph of 
the arm ready for testing a weld on a coil is given in Fig. 6. 
 

 
Fig. 6. The arm in vertical position on the coil; 

 
The associated software shall store and use each of the A-scans for each position (x, 

y) (or ( ) in polar coordinates used by the mechanical arm type) and each 3 angle in the 
form a specific C-Scan image. This may be the concatenated C-Scan as found in the 
MULTI 2000 software from M2M. An important point to emphasize is that this type of C-
Scan allows cumulative level information on indications. The concatenated C-Scan 
reconstruction method is described in Fig. 7. 

 

Probe in 
the holder 

Welded zone 
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An important point for testing austenitic welds is that this accumulation defining the 
ultrasound indication generates a significant improvement in signal to noise ratio by 
accumulating a large number of A-Scans which all have recorded an echo preventing the 
defect. 

 

 

 

 

For the same indication, four pixels are turned on for 
the same defect is seen from the positions 1, 2 and 3. 

There are 2 from the position 3 (2 angles) 

Fig. 7. Construction method for the C-Scan 

The testing system consists of:  MultiX++ from M2M: a 128 channel full parallel phased array ultrasonic generator;  SINUS arm from METALSCAN: the 3 degree freedom mechanic arm;  ME32-LMP15 from SONAXIS: a 2.25 MHz, 32 element array probe;  Multi2000 V6.9.22 from M2M: software version. 

4. Acquisition on the Reference Block 

4.1 Groups Definition 

To test the entire weld volume and detect all defects in the reference block, two ultrasonic 
testing techniques are necessary:  A technique for testing the volume and the penetration. This requires two salvo with a 

phased array probe: 
- Control with longitudinal waves (salvo 1): 

 A First acquisition window for recording the ultrasound echoes from 
the volume; 

 A second acquisition window for recording the ultrasound echoes from 
the bottom. 

- Penetration testing with a creeping wave (salvo 2). This is generated by mode 
conversion from a transverse wave in sectorial scanning between 30° and 35°.  A technique to access side surface testing. This is achieved by creeping waves testing 

generated by a specific probe. 
The testing is therefore performed in two steps:  First step: to the surface testing in which a single ultrasonic path is defined with a single 

registration window;  Second step: to the volume testing where an ultrasonic channel in echo mode is defined 
with two salvo and three recording windows altogether. 

Using the SINUS arm has been essential to test this volume. 

3 
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 4.2 Results on the reference block 

The obtained cartographies are in Fig. 8. 
In Fig. 8a), the position of the weld zone is given by the blue rectangle on this 

mapping. Four indications corresponding to defects in the reference block are identified in 
this area. They are framed in red. The number of the defects of the reference block as 
indicated in the map of Fig. 3 and being at the origin of these indications is indicated in the 
C-Scan. It is obvious that the defects 5 and 6 which are at the same position relative to the 
axis of the weld but not at the same depth are superimposed on this C-Scan. It is not 
possible to distinguish both indications on this scan. The existence of two indications will 
be confirmed by analysis of other available scans. 

In addition to these indications, two indications (circled in black) are identifiable 
throughout the weld. They correspond to the present machining block background. 

For notch type defects, the SNR is only 5 dB on the corresponding A-Scan. That is 
low whereas the truth of existence of a defect indication on the scan has no doubt. There is 
no doubt that the accumulation of A-Scan with different access that allows the use of the 
articulated arm with three encoded axes represented in the concatenated C-Scan. 
 

In Fig. 8b), the indication corresponding to the notch at the bottom (defect n°1 in 
Fig. 3) is framed in red. For this defect, the SNR is 15 dB. 

 

 
 

a) Salvo 1 (longitudinal waves) for the welded volume testing 
(the numbers refer to the default numbers defined in Fig. 3) 

b) Salvo 2 (creeping waves) for 
penetration testing 

Fig. 8. Concatenated C-Scan on the reference bloc 

5. Acquisitions on the First Ring Coils 

Two coils (C10 and C11) were fully tested. 
On the C1 coil, only two surface indications have been observed by means of 

creeping wave (Fig. 9). For these indications, the signal amplitude exceeded the reference 
amplitude observed on reference bloc. The SNR was greater than 10 dB. 

In the C11 coil, indications were detected in the volume of transverse welds. This 
type of indication is detected with salvo 1 (first window corresponds to the fusion zone). 
An example of result is given for S45 weld (see Fig. 10). In this figure, the concatenated 
C-Scan is at the right top. On the sectorial scan, the bevel is drawn in black. The defect is 
located where the angle of the bevel is around 30°. 

 

5+6 

3 

4 2 
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Fig. 9. Surface indications observed on S40 weld of C10 coil 

For this coil, the surface preparation was not perfect and an enlargement of the 
interface echo was observed. This explains why noise is observed on concatenated C-Scan 
and not observed on the mechanical C-Scan at the refraction angle where the defect is 
detected. 
 

 
Fig. 10. Acquisition on S45 weld (salvo 1, first window) 

If we don’t take into account coupling problems due to the surface conditions, welds 
testing will be possible with no particular concern. Some zones have not been tested due to 
the presence of appendages on the coil. The use of a three degrees freedom arms in field 
conditions was possible and allowed to locate precisely the identified indications. 

A-Scan 

S-Scan 

Concatenated 
C-Scan 

Mechanical 
C-Scan 
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6. Conclusion 

Testing was carried out by means of a special arm having 3 degrees of freedom to allow 
cumulative level of information on indications. To get more energy in transmission and be 
sure to record the reflected echoes, a full parallel architecture system was used to drive a 
2.25 MHz 32 element probe.  

The following conditions shall be taken into account in the procedure:  Using a phased array set up allowing scanning in angle and depth. This offers noise 
reduction (due to focusing) and defects response optimisation (due to the use of angular 
scanning);  Using the rotation of the probe to search, for every indication, the maximum amplitude 
of the reflected signal. 

 
This was essential to obtain sufficient SNR images in order to be able to detect all 

reference defects introduced in the qualification block and to be able to perform testing in a 
workshop. Due to imperfect grinding of the welding surface some artifacts were observed 
but the height measurement of the indications as requested by ASME was possible.  

 
The first application of the whole system on thick austenitic 316L steel welds was 

successful provided that appropriate settings are selected. 
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