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Abstract. Manufacturing the components of International Thermonuclear 
Experimental Reactor (ITER) substitutes a number of challenging material 
engineering tasks in respect to welding of specific bimetallic and trimetallic 
compounds. One of these tasks is the quality assurance of the weld joints after the 
manufacturing by hot isostatic pressing or explosion welding.  
 Besides partially exotic material properties such as high sound velocity, coarse 
granulation, high sound attenuation and flaw orientations, these sandwich-like weld 
joints possess complex geometry, which makes testing them in-line along the 
manufacturing process challenging. Due to rather large dimensions and high material 
thickness, no alternative NDE techniques can be considered for the non-destructive 
testing of these multi-layered structures. 
 The state of the art of ultrasonic testing raises expectations concerning the 
quantitative imaging of material flaws with automatic on-line evaluation of inspection 
results, whereby a rapid inspection procedure may provide a differentiated predication 
of the flaw type, size and location. Modern signal processing and image reconstruction 
techniques for phased array generated data such as ‘Sampling Phased Array’ and 
‘Digital Focus Array’ allow tomographic representation of the inspection volume and 
thus accurate flaw sizing, reflecting an introduction of new quality standards in 
modern ultrasonic testing. 
 Technically, ultrasonic imaging even without advanced signal processing 
methods implies a so-called position-related data acquisition, whereby the ultrasonic 
signals are acquired alone, albeit with probe position information, obtained in each 
inspection position while scanning the inspection object.  The geometric complexity 
of the considered reactor components significantly complicates this traditional 
imaging approach and requires more advanced technological solutions in inspection 
systems as well as the image processing methodology. 
 In the current contribution, an inspection technique and system solution will be 
presented that combines automated data acquisition through a robotic inspection 
manipulator with real-time profile recognition and tomographic reconstruction of 
inspection volume alone with a novel 3D image analysis approach for complex-shape 
components. 
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Introduction  

ITER is a strategic international nuclear fusion research and engineering megaproject for 
building the new type fusion reactor with the participation of scientific organizations from 
more than 30 countries. One of the main project goals is to demonstrate the possible 
commercial usage of thermonuclear fusion.   
The D.V. Efremov Institute of Electrophysical Apparatus - NIIEFA is the largest developer 
and manufacturer of plasma-facing units (PFUs) in the ITER project. PFUs of ITER 
approximately 900m2 tungsten- and beryllium-lined heat-exchange panels facing up to 150 
Megawatts of plasma heat and protect all the reactor systems from the plasma influence. 
Design concepts as well as materials and technologies for multi-layered (bimetallic and 
threemetallic) compounds are dictated by high heat, electromagnetic and neutron loads on 
PFUs.  
Fig. 1 shows the layout of the ITER first-wall panel and divertor DOME. The large variety 
of metallic compounds, complex geometry and various bonding techniques and procedures 
impose high demands on a comprehensive 100% non-destructive evaluation of the involved 
ITER components. Thus, the development of a NDT system for arbitrary shape armour joints 
and stainless steel welds of PFUs in serial production is a challenging task, probably with no 
comparable counterparts [1]. 

 
Fig. 1: First-wall panel and divertor DOME of ITER 

The following combinations of multi-layered hermetic components and bonding 
techniques are utilized in PFUs: 
• Tungsten / cuprum / bronze / stainless steel (Fig. 2 above); Casting / high temperature 

brazing / explosion welding or hot isostatic pressing 
• Beryllium / bronze / stainless steel; Brazing or hot isostatic pressing / explosion welding 

or hot isostatic pressing 
• Laser beam welding of closed box in steel supporting structure 

Depending on the metallurgical processes as well as the applied vacuum and welding 
techniques, various types, orientation and dimensions of possible material defects (Fig. 2 
below) emerge in accordance with EN ISO 6520 (Welding and allied processes – 
Classification of geometric imperfections in metallic materials – Part 1: Fusion welding), 
such as: 
• Lack of fusion (N400) with the opening < than 10µm, parallel to the bonding plane 
• Porosity and gas pore (N200) with diameters from 100 µm  
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• Cracks and microcracks (N100) with arbitrary orientations with the opening < than 
10µm, leading to vacuum failure  

Large-format PFUs of ITER have complex 3D geometries of metal joints and in 
certain cases one-side limited access to the surface of the inspected components. The serial 
manufacturing of PFUs implies specific high-performance industrial NDT solutions, 
allowing fast adaptation to the complex component profiles as well as three-dimensional 
acquisition, visualization and evaluation of the inspection data. Preliminary analysis of the 
requirement profile led to the conclusion that the automated ultrasonic testing is the only 
suitable NDT method for the described application.  
 

 
 

 
 

Fig. 2: Example of multi-layered hermetic component and material defects 

1. Ultrasonic tomography and quantitative NDE approach for ITER component testing  

Non-destructive testing operations on manufactured ITER components are performed in the 
scope of quality assurance arrangements according to classification instructions and 
regulations of the manufacturing process. Thus, a written procedure for welded joint testing 
has to be established for any design where the material properties and weld configuration are 
taken into account. These classification instructions are to be implemented in the written 
procedures for particular ITER elements.  
Traditionally, the ultrasonic testing of multi-layered weld joints is a mechanized procedure, 
which is reasonably conform to the common state of the art in ultrasonic testing. Through 
ultrasonic examination, the inspection setup scans the inspection object with prescribed 
spatial resolution, whereby the registration and evaluation of echo-signals from the joint 
metal interfaces is carried out on echograms obtained in pulse-echo mode. Accordingly, both 
the position and equivalent size of the ultrasonic indications can be estimated. Estimating a 
possible flaw size occurs by evaluating the defect echo amplitude. A sensitivity calibration 
must be carried out that allows the operator to classify the UT indications. In order to have 
universal references for evaluating the UT indications, the reference reflectors for sensitivity 
calibration are used, such as Flat Bottom Holes (FBH). A FBH with a particular diameter as 
an Equivalent Defect Size is the most suitable model reflector to fracture mechanical 
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consideration in particular concerning plane defects like a lack of fusion. Therefore, it is the 
usual acceptance criterion for the quality assurance for this defect type. 
However, the reflectivity of real material defects like poor diffusion bonding slightly differs 
from the acoustically “hard” metal-to-air interface represented by FBH. Thus, the Equivalent 
Defect Size evaluation based upon pure reflectivity comparison can lead to significant 
underestimation of a lack of fusion. Therefore, a quantitative evaluation of the flaw 
dimensions is required for a fracture risk assessment of concerning ITER components.  
In contrast to widely used pulse/echo methods with sensitivity calibration on reference 
reflectors, tomographic UT methods based upon a Synthetic Aperture Focusing Technique 
(SAFT) utilize overlapping ultrasonic signals obtained from different insonification points, 
taking into account phase information. Typically, the relevant informational content of SAFT 
reconstruction is diffraction signals from material flaws and their accurate imposing allows 
recovering the flaw image including the real size and shape, as long as the measurement data 
is not excessively truncated and the flaw size slightly exceeds the wavelength of the 
ultrasound. 
The modern implementation of the SAFT technique implies using phased array transducers 
in automated scanning arrangements. The data acquisition and processing can be performed 
by the Sampling Phased Array (SPA) [2] method or Full Matrix Capture (FMC) [3] method, 
which both implement SAFT reconstruction in a single transducer position based upon 
limited effective aperture. The most valuable property of phased array transducers comprises 
high sound field divergence provided by a single array element and a high sensitivity of array 
arrangement due to large transducer aperture [4]. 

As opposed to FMC, the SPA technique only optionally utilizes the acquisition of the 
full information matrix in each measurement cycle and thus it is more suitable for real-time 
applications with high requirements to the scanning speed. In particular cases – e.g. for 
testing coarse grain materials or massive components with a long propagation path – so-
called “virtual transmitter” excitation can be used to achieve better sensitivity through 
dedicated application of defocusing transmitter delays (Fig. 3 above). Finally, through 
compounding SPA data obtained while object scanning (Fig. 3 below), a real-time 
reconstruction of inspected object with high spatial resolution can be performed [5]. As 
opposed to the SAFT data acquisition with single element probes, no high scanning 
resolution is required for high quality artifact-free imaging by SPA synthetic aperture due to 
redundant information content contained in the “pitch-catch” measurement data.  

 
a) SPA defocused transmission 

   
b) Compound-B-Scan reconstruction according to SAFT principle 

Fig. 3: Common SPA data acquisition and image reconstruction approach for a crack in austenitic weld joint 

Wave front 

 Wave front 

Virtual transmitter 
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In case of inspection objects with a large surface and small depth inspection range 
like ITER components, the mechanical scanning by a single-aperture phased array probe can 
be reasonably replaced in one direction with electronic scanning by shifting the virtual 
transmitting element and reconstruction of a Compound L-Scan as a species of SAFT 
implementation (Fig. 4). One advantage of the measurement procedure is that UT data 
acquired in one measurement cycle allows recovering the surface profile and enabling the 
correct reconstruction of the inspection area.  

 

 
Fig. 4: Data acquisition arrangement on a complex-shape ITER component   

 
Thus, the reconstruction procedure in a single transducer position is performed in two 

steps:   Surface profiling of the component through SPA reconstruction in coupling media  Inspection volume reconstruction taking into account refraction on the water-metal 
interface 

Fig. 5 shows two local B-Scan images obtained in two transducer positions (defect-
free and defective welding in the second bonding layer), where the B-Scan images below 
represent the SPA-reconstructed surface profile by using sound velocity in water. 
Subsequently, this surface function is used for SPA reconstruction of the inspected 
component, taking into account refraction on the curved surface.  

It must be mentioned that due to GPU-based implementation of computational 
routines, both operations can be performed dynamically on the unknown object shape. The 
propagation time values in the current implementation of the method are obtained by a rather 
simple ray-tracing procedure, which provides sufficient accuracy and allows “on-the fly” 
SAFT reconstruction of the inspection volume for a relatively high number of data 
acquisition channels (up to 128).  

In general, the method can be applied without performance loss for components with 
arbitrary shape, as long as sufficient volume coverage and overlapping of sound fields by 
virtual transmitters is provided. 

3D representation of the inspection object is obtained by combining slice images (B-
scans) in all measurement positions. The reconstruction takes place directly in the CAD 
model of the inspected component (Fig. 6).  
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a) B-scan image in a single defect-free inspection position 

  
b) B-scan image in a single defective inspection position with flaw indications 

Fig. 5: Real-time surface profiling and Compound B-Scan reconstruction in a single measurement position by 
a 128-element linear array: flaw detection in the second bonding layer 

 
 

   
Fig. 6: 3D representation of the inspection results on some of the ITER components 

2. Robot-based inspection procedure and inspection setup for ITER component testing  

The ultrasonic testing of objects with free-form surface obviously requires “additional” 
flexibility of scanning manipulators providing optimal orientation of the probe in respect to 
the inspection object. Modern articulated robot systems are the most suitable solution for 
testing complex objects in this respect. The latest advances in robotics in terms of positioning 
accuracy and data transfer interfaces as well as their radical cost reduction offer incredible 
opportunities for applying robots for ultrasonic NDT in a variety of inspection applications.  

The robot-based UT tomography generally impose high requirements upon scanning 
systems due to the necessity of overlapping UT data from neighboring data positions. Real-
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time six-dimensional position tracking with high measurement accuracy of at least 0.1 mm 
with a scanning speed of several hundred millimeters per second is generally not the “typical” 
requirement profile of the industrial robotic systems used e.g. for cutting, welding and “pick-
and-place” operations. Thus, specific synchronization interfaces between robot motion 
control and UT hardware are needed to provide fast and accurate data acquisition that is 
appropriate for tomographic reconstruction purposes.  

The ultrasonic inspection setup for ITER component testing (Fig. 7) utilizes KUKA 
KR AGILUS units, whose control unit KR C4 provides position read-out at repetition rates 
of up to 1 KHz. The immersion tank (2.000 x 1.800 x 1.000 mm3) with the lifting table 
enables fixing and testing free-shape objects with 3D reconstruction of the inspection volume 
through the SPA technique.   
 

 
Fig. 7: Robot-based inspection setup for testing ITER components 

 
The testing starts with a simulation of the robot scanning path based upon a CAD 

model of the inspection object (Fig. 8). Once generated, the inspection program can be re-
used for testing same-type components. The inspection of the already “tailored” ITER 
component takes only a few seconds due to the large probe aperture and high scanning speed. 
This makes the inspection setup suitable for routine serial test in production.  

   
Fig. 8: Simulation of the scanning path before automated data acquisition 
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The highlight of the inspection setup lies in the automated detection and evaluation 
of flaw indications according to conducted sensitivity calibration, whereby the rejection 
criteria are the dimensions of the indications as well as their geometrical positions (Fig. 10). 
Accordingly, one can talk about quantitative evaluation of the inspection results. The final 
approval of the conducted inspection is performed by the system operator using versatile 3D 
image analysis tools, which allows quick navigation between detected flaws and - if 
necessary - comfortable adjustment of evaluation parameters.  
 

 

 
Fig. 9: Automated 3D evaluation of the inspection results  

3. Conclusion and outlook  

The tomographic approach in processing UT data by means of the SPA technique can be 
effectively combined with the articulated robot systems for fast, flexible and cost-effective 
testing of diffusion bonding in multi-layered hermetic ITER components. The developed 
system solution for automated inspection setup can be applied in production testing of free-
shape objects made of casting and CFRP materials based upon their CAD data.   
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