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Abstract 
 

The Swedish KBS-3 design for the disposal of spent nuclear fuel is based on encapsulation 
of the fuel in canisters consisting of a nodular cast iron insert surrounded by an outer 5 cm thick 
shield of copper. The insert is the vital component to withstand the mechanical loads in the 
repository while the copper shell serves as a corrosion barrier. To make sure that the canisters will 
fulfil the requirements, an extensive program for quality control is developed. In this program the use 
of non-destructive testing (NDT) is vital and for the insert the use of ultrasonic inspection, primarily 
phased array techniques, are dominant.  

At the Canister Laboratory in Oskarshamn the inspection techniques are developed and 
tested in full-scale on manufactured components. For the cast iron insert several different inspection 
techniques are combined to achieve an extended coverage and detectability. The development 
includes optimisation of existing preliminary inspection techniques and definition of complementary 
new techniques. As a part of this work ultrasonic modelling with the CIVA software is used to 
determine suitable array designs and to tune the inspections with respect to choice of angles and 
focussing parameters. Furthermore, the techniques are applied in full-scale by construction of probe 
fixtures, definition of ultrasonic settings and scan parameters. Finally, the inspection procedures are 
developed from the human factor point of view which has led to significant improvements resulting 
in more user-friendly and thereby more reliable instructions. 

 
1. INTRODUCTION  
 

The Swedish Nuclear Fuel and Waste and Management Company (SKB) is responsible to 
take care of all radioactive waste produced in Sweden. This includes first of all of the waste 
produced by the nuclear power plants but also from the traditional industries, research and from the 
medical field (see figure 1). The spent nuclear fuel, which is the most critical portion of the waste, 
is stored for minimum 30 years in the central interim storage (Clab). The fuel is stored in water 
basins 30 metres below ground. The water works both as radiation shield and as coolant for the fuel. 
The operational waste is stored, surrounded by concrete, some tens of metres below ground in the 
final repository for operational waste (SFR). These two storages together with a specially build 
ship, used for transportation of the fuel, have been running for more than 20 years. 

What still needs to be built is an encapsulation plant where the fuel will be encapsulated and a 
final repository for the spent nuclear fuel. During 20 years SKB has been working on finding a 
place for the final repository. To begin with, feasibility studies were conducted in eight areas spread 
out within Sweden. From year 2002 site investigations were conducted in the areas of Forsmark and 
Oskarshamn. Results from these site investigations, were carefully compared. This resulted in that 
SKB in the beginning of June 2009 could decide, based on the long-term safety, to choose Forsmark 
as the site for the final repository. The next step in the program was to submit an application for 
building of the encapsulation plant in connection with Clab in Oskarshamn and the final repository 
in Forsmark. The application was sent to the authorities in spring 2011. After approval from the 
authorities the construction work will start in 2019 and finally the deposition of canisters will start 
in 2027.  
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Figure 1. SKB’s system for managing the radioactive waste in Sweden. 

 
SKB is developing a method, called the KBS-3 method, for final disposal of the spent nuclear 

fuel. The method is based on three protective barriers, see figure 2. The first barrier is the canister 
composed of a nodular cast iron insert surrounded by a copper shell. The impermeable copper 
canisters are then embedded in bentonite clay that serves as the second buffer and finally placed in 
the third barrier, the crystalline basement rock at a depth of about 500 metres. Finally after the 
canisters have been disposed, the tunnels and rock caverns will be sealed.  

 

 
Figure 2. The KBS-3 system with the different barriers. 

 
To be able to develop the techniques that will be used for building the deep repository and 

deposit the canisters as well as to make research on the properties of the bed-rock, SKB has built a 
full scale laboratory (Äspö hard rock laboratory) in Oskarshamn with tunnels down to 450 metres 
below ground. For developing the encapsulation technique, SKB has built the Canister Laboratory 
in Oskarshamn.  

 
2. THE CANISTER LABORATORY 
 
The Canister Laboratory (CL), see figure 3, in Oskarshamn was initially, in 1998, built to develop 
techniques for full size welding of the copper lid to the copper tube by electron beam welding, 
develop non-destructive testing (NDT) techniques for weld inspection and test the handling of the 
canister in a similar way as for the planned encapsulation plant. Over the years the activities at the 
laboratory have been expanded. It now works as the centre for encapsulation techniques for the 
canister. This means that the work also includes detailed construction and verifying calculations of  
the canister as well as development of both the manufacturing processes (together with external 
suppliers) and the NDT techniques for the canister components. 
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Figure 3. The Canister Laboratory. 

 
In the Canister Laboratory full-scale inspection systems for the canister components and 

welds have been built up. This includes systems for digital radiography and ultrasonic testing of the 
friction stir welds as well as systems for ultrasonic testing of the canister components, i.e. the 
copper tube, lid and base as well as the cast iron insert. The manipulators used for ultrasonic 
inspections have been built in a flexible way, meaning they are not fixed to the inspection 
equipment to be used. This means that the systems can be used in combination with various 
inspection instruments, i.e. different ultrasonic instruments, eddy current instruments etc. To 
increase the reliability of the inspection of the large components (copper tube and cast iron insert), 
the reference blocks are integrated in the inspection system (see figure 4), using the same geometry 
for the reference blocks as for the real components.  

 

 
Figure 4. Manipulator for the cast iron insert with the reference block to the left. 

 
3. THE CANISTER 
 

The copper canisters that will encapsulate the spent nuclear fuel are nearly five metres long 
and over one metre in diameter (REF 1). The weight is between 25 and 27 tonnes including about 2 
tons of spent nuclear fuel. The canister, see figure 5, is composed of a nodular cast iron insert 
surrounded by a five centimetre thick copper shell. The insert is manufactured in two different 
types, the PWR (pressure water reactor) type with four steel channels and the BWR (boiling water 
reactor) type with twelve steel channels. The main functions of the insert are to contain the fuel and 
withstand the mechanical loads in the repository. The copper shell, which serves as the corrosion 
barrier, consists of a lid and a base that are welded to the tube by means of friction stir welding 
(FSW).  
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Figure 5. The canister components.  

 
4. INSPECTION STRATEGY 
 
A general strategy has been developed for the future inspection of inserts. This strategy rests on 
three major pillars:  The use of mechanized inspections to get reliable and repeatable results.  To overcome the problems of UT with its limited near surface sensitivity, inspections are to 

be performed at a specific pre-machined stage in the production. At this pre-machined 
stage, there is additional material that will be removed later in the process.  After final machining the surface will be inspected using dedicated surface inspection 
techniques. 

This strategy has been applied and verified during development of the NDT techniques used for 
inspection of the inserts from the trial manufacturing. 

 
5. DEVELOPMENT OBJECTIVES 
 
The development of NDT techniques for the canister is done with several objectives. First of all it 
shall result in techniques that shall be used to verify the canisters produced in the future. Secondly, 
it will form the base for projecting the future facilities where the final NDT will be done. Finally, 
and maybe at the moment, the most important, is to support the development of the casting process 
for the inserts with inspections of the presently manufactured trial components using inspection 
techniques that are reliable enough. Based on this, the inspection techniques have been tailored to 
detect a multitude of possibly occurring casting defects, as well as giving information on the general 
structure of the insert. 
 
6. DEVELOPMENT OF NDT TECHNIQUES FOR THE CAST IRON INSERT 
 
The development of NDT techniques at SKB follows a process described in figure 6. As shown, 
ultrasonic modelling is an integrated part of the development.  

 

 
Figure 6. Principal development process 
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6.1 Inspection techniques 
 
The purpose of the inspection as well as the insert geometry are the basis for development of the 
following three inspection techniques:  Phased array pulse echo 70° incidence angle, shear waves for the outer volume.  Phased array pulse echo 0° incidence angle for the outer volume.  Phased array pulse echo and through transmission, sector scan, for the central sections. 
The developed techniques used for inspection of the main volume of the insert, as well as the 
development steps to reach to those techniques, are described in the following sub-chapters. 

 

  
 

Figure 7. Angular ultrasonic inspection (left), local immersion normal ultrasonic inspection 
(middle) and ultrasonic transmission inspection (right) of a BWR-insert. 

 
6.1.1 Angular inspection technique 
 

The angular inspection technique covers the outer 45 mm of the insert and is performed by 
the use of four 32 elements linear curved contact arrays with mechanical focus in the passive 
direction. The arrays have a centre frequency of 1.7 MHz and a nominal shear wave angle of 70°. 
Two of the arrays are directed in opposite axial directions while the other two are directed in 
opposite circumferential directions. In order to get a narrow homogeneous sound beam along the 
whole inspection depth, two different ultrasonic channels are used. One covers the depth range 0-15 
mm using an aperture of 22 elements focused at the depth of 7-10 mm and the other covers the 
depth range 15-45 mm using an aperture of 32 elements focused at the depth of 30 mm. A further 
description of the techniques is shown in the ultrasonic modelling section below. 

 
6.1.2 Normal incidence technique 
 

The normal inspection technique covers the depth range 5-210 mm of the insert and is 
performed by the use of one 128 elements linear array, with centre frequency of 3.5 MHz, aligned 
along the insert. In order to get a good coupling a local immersion technique with a water path of 65 
mm is used. In order to get good sensitivity along the whole inspection depth, three different 
ultrasonic channels are used. One for the depth range 5-45 mm using an aperture of 18 elements 
focused at the depth of 12 mm, one for the depth range 45-110 mm using an aperture of 32 elements 
focused at the depth of 80 mm and the third one using an aperture of 40 elements focused at the 
depth of 160 mm. 
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6.1.3 Pulse echo and transmission technique 
 
The inspection between the fuel channels in the insert is performed by the use of two 64 elements 
linear curved contact arrays with centre frequency of 2 MHz. The arrays are positioned on each side 
of the insert and aligned along the circumference of the insert. The pulse echo inspection is done 
from both sides using a sector scan within the angle range ±20°. The pulse echo inspection is done 
down to 480 mm depth meaning that each array covers half of the insert thickness while the 
transmission inspection is done in both directions using the arrays as both transmitters and 
receivers. A further description of the techniques is shown in the ultrasonic modelling section 
below. 

 
6.2 Ultrasonic modelling 
 
Ultrasonic modelling with the CIVA software has been used in order to determine suitable array 
designs and to tune the inspections with respect to choice of angles and focussing parameters. 
 
6.2.1 Angular inspection technique 
 
The goal with the ultrasonic modelling of the angular inspection technique was to define an 
inspection technique that gives a homogeneous and narrow sound field with high sensitivity along 
the whole inspection depth 0-45 mm at the desired inspection angle of 70°. In order to achieve this 
also in the passive direction the effect of mechanical focusing has been studied. These simulations 
(see figure 8) show that the mechanical focussing results in clearly better focus along the inspection 
depth. Based on the results, suitable probe parameters where defined and two pair of arrays were 
manufactured; one pair for inspection in axial directions and one pair for inspection in 
circumferential directions. The initial modelling showed that it not was possible to get a uniform 
sensitivity along the whole inspection range by using only one focus depth and therefore a setup 
with two ultrasonic channels with different focusing parameters were created.  In order to test the 
sensitivity both simulations and inspection of an insert segment with side drilled holes at different 
depths have been performed. The results (see figure 9) show that all five holes are clearly seen with 
a uniform sensitivity and that there is a good agreement between the simulations and the inspection 
results.  

 

Figure 8. Ultrasonic sound field in passive direction without mechanical focusing (left) and with 
mechanical focusing (right). 
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Figure 9. Comparison of simulations (left) and inspection results (right) on side drilled holes at 
various depths. 

6.2.3 Pulse echo and transmission inspection technique 
Ultrasonic simulations have been done to define suitable inspection parameters for the volume 
between the fuel channels for both the BWR and PWR insert: As the concept for the developed 
inspection techniques is similar for both insert types only the simulations for the PWR insert is 
presented. The basis for the simulations was to define techniques that covered the whole volume 
between the fuel channels. To achieve the possibility to detect both individual and clustered defects 
as well as a generally inhomogeneous material, a combined pulse echo and transmission setup was 
defined. The pulse echo inspections are done from both arrays for the depth range 170-480 mm by 
using sector scans within the angle range ±20° with 0.4° resolution. The accumulated ultrasonic 
beams are shown in the left image in figure 10. 

For the transmission inspection the ultrasonic modelling showed that the best way to achieve 
a well focused beam with limited beam spreading was to set a rather deep focus point. Based on this 
a sector scan sequence with a focus depth of 600 mm was created within the angle range ±3.15° 
with 0.25° resolution. In order to get optimal sensitivity each receiving aperture was programmed 
with the same incidence angle as the corresponding transmitting aperture (see figure 10). 

      
Figure 10. Modelling of the inspection between the fuel channels. The image to the left show the 
summarized field from the pulse echo channels. The middle image show one of the transmitted 

beam in the transmission while the image to the right shows the principles for the receiving 
aperture. 
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6.3 Practical aspects 
 
In order to develop robust inspection techniques a number of practical aspects have been 
considered. Reference objects (see figure 11), with various artificial defects like side drilled holes 
and notches, were manufactured to verify the results from the ultrasonic modelling and to get the 
opportunity to achieve the same sensitivity along the whole inspection range for every inspection. 
The reference objects were manufactured from real insert segments giving the same inspection 
geometry and material structure as for the component. 

As all inspection techniques use the advantage of mechanized inspection it has been of high 
importance to develop robust fixtures (see figure 12) dedicated for each technique. For the local 
immersion technique it has been important that the array position and the water column are 
constant. This is achieved using a rigid seal on the water tub adapted to the insert geometry. For the 
angular inspection it has been important that the relatively heavy contact arrays get good contact 
without too high friction. 
 

 

Figure 11. Reference objects used for sensitivity settings for ultrasonic inspection of the insert. 
 

 
Figure 12. Fixture for the local immersion technique (left) and with the four 70° linear arrays 

(right). 
 
 

6.4 Instructions for inspection 
 

The developed inspection techniques are used as one tool in evaluation of each manufactured insert 
to provide input for further development of the manufacturing process. As the numbers of inserts 
manufactured are, and will be, limited during several years the importance of having good and 
reliable instructions has been noticed. Special attention has been given to describe the complex 
evaluation process of the collected data. Based on this a study have been conducted in order to 
develop reliable instructions. The study was performed both in a theoretical and experimental way.  
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The theoretical way was to study the PANI 3 study performed within the Health and Safety 
Executive, UK (REF 2). Based on this study some suggestions were taken into account; the 
instructions should be clearly structured and be written in active voice, only one action per step and 
the steps should be written in the order they are to be performed. 

The experimental part was performed using the eye tracking (REF 3, REF 4) methodology 
during data evaluation. The experiments were conducted by four operators, whose task was to 
evaluate a set of data according to the inspection procedure available on the screen. During the 
experiments, the operators were observed to see how they followed the instruction and whether they 
made any mistakes. Afterwards, the reported indications were compared and, with the help of the 
recorded data, the causes for errors were identified. During the observations, additional errors were 
identified and analyzed in order to determine the possible consequences. After this first study the 
instruction was re-worked into another format where the PANI3 guidelines were taken into account 
and after this the experiments were repeated (a follow up study). The preliminary evaluation of the 
two experiments showed almost no improvement in the data evaluation performance. Further 
evaluation of the results showed that the reason for it was that the main effort was invested into 
changing the format of the instruction, rather than reviewing the tasks that have to be done (e.g. 
missing information). Based on the findings of these two studies the instruction was again 
optimized and reviewed both by several operators (reviewing by doing), as well as by several 
reviewers looking into the usability and structure of the written text. The ongoing work aims at the 
comparison of the initial instruction and the newest instruction version, in terms of instruction 
information (Is the instruction understandable? Does the instruction support the operator in decision 
making and problem solving?), and the instruction format (Does the change in formatting lead to a 
more efficient, i.e. faster, search for information and, in general, use of the instruction?). 
 
7. CONCLUSIONS 
 

Three ultrasonic phased array techniques have been developed for full-scale inspections of 
BWR- and PWR inserts. The development has included ultrasonic modelling, design and 
manufacturing of transducers, reference objects and fixtures as well as definition of ultrasonic 
parameters and composition of instructions. The inspection techniques have been used for 
inspection of three complete inserts. The results have been used as a tool in the development of the 
casting process. Some needs for optimisation have been identified, but in general the techniques can 
be seen to be “on the road to the final inspection techniques”. Of special interest is the concept of 
inspection instructions that has been developed that has the major goal to increase the reliability. 

What still needs to be done is to complement the techniques with development of technique 
for inspection of the final machined surface and specific techniques required for the top and base of 
the insert. 
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