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Abstract. The canister for the permanent storage of spent nuclear fuel used by SKB 

in Sweden consists of a cast iron insert surrounded by a five centimetre thick shell of 

copper. It is a safety critical component and in order to secure long-term structural 

integrity non-destructive methods are used to inspect 100% of the volume of each 

canister, before it is disposed of in the repository. One of the critical components 

that requires inspection is a sealing weld, joining the copper tube and the lid. The 

friction stir weld is inspected using an ultrasonic phased array system. The area of 

the weld is inspected with several inspection channels with different angles and 

varying coverage. To make sure that no defects that might occur in the weld are 

overseen, the reliability of the inspection must be quantified. The reliability of NDT 

is usually quantified with the probability of detection curves. The influence of the 

parameters that might influence the POD of the flaws in the weld is investigated 

analysing the experimental results, as well as with a help of a numerical simulation 

of the inspection.  

1. Introduction  

The canister for the final storage of spent nuclear fuel in Sweden [1] is made of a cast iron 

insert and a copper shell. Once the spent nuclear fuel is put into the canister, the canister is 

sealed with friction stir welding (FSW). Because of the safety aspects, all parts of the 

canister, including the weld, will be inspected for flaws with non-destructive testing (NDT), 

before the canister is deposited into the final repository. When designing the NDT system, 

it is important to identify possible flaws that can occur in the component that will be 

inspected [2]. The nature of the FSW process suggests several types of flaws that could 

occur in the weld [3]. By trying to detect ever smaller flaws, NDT systems are pushed to 

the limits of their capability to detect flaws, resulting in inconsistent detection capability 

[4]. Some flaws of the same size will be detected and some will be missed. Moreover, 

repeated inspections of the same flaw sometimes will yield detection and sometimes miss. 

It has been also shown that that POD can be a function of other relevant parameters and not 

only function of a single defect size parameter [5]. Because of this and the safety critical 

aspects, the reliability of the NDT system for the inspection of the FSW in the canister has 

to be quantified. This paper describes our progress in the reliability analysis of the 
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ultrasonic (UT) inspection system used to detect flaws in the root section of the weld. It 

starts with a brief description of the FSW process and the description of flaws that can 

occur in the weld. It is followed by the description of the NDT system used for the 

inspection, with emphasis on the UT system. Section four covers the flaws that occur in the 

root section of the weld. In the fifth section, the reliability aspects of the inspection are 

discussed. Finally, the conclusions and outlook are presented in the last section of the 

paper. 

2. Friction Stir Welding  

The copper shell (tube, base and lid) of the canister is sealed with the FSW. The FSW is 

performed by a rotating tool that is pushed into the joint line between the tube and the lid. 

The rotation of the tool causes friction, which generates heat. Due to the heat and rotation 

of the tool, the material is softened and mechanically stirred. As the tool moves forward, 

the weld is formed.  

 

 

(a)     (b) 

Fig. 1. FSW process of the copper shell (a) and possible defects in the weld (b).  

 

Three types of flaws have been identified as possible to occur in the weld [2]. Cavities can 

occur in the near-surface region, and incomplete penetration and joint line hooking (JLH) 

can occur in the root section of the weld.  A joint-line hook is created if the welding tool 

penetrates too deeply into the material, pulling the vertical joint surface into the weld.  

Incomplete penetration is caused when the welding tool does not penetrate into the material 

to the end of the horizontal joint line, so that part of it is not welded. The illustration of the 

FSW is shown in Fig. 1a and the illustration of the flaws is shown in Fig. 1b. 

3. Non-destructive Testing of the Friction Stir Weld 

Several complementary methods are applied for the inspection of the weld. The volume of 

the weld is inspected with a digital X-ray system using a 9 MeV linear accelerator in 

combination with a linear detector array, and with a phased array ultrasonic inspection 

system. In addition, the weld surface is inspected by an eddy current array system.  

The UT system uses a linear phased array probe with 128 elements and a centre 

frequency of 3.5 Mhz. Using a specially built fixture, the probe is positioned on the top of 

the canister. As the canister rotates around the axial axis, the inspection is performed. The 

setup is illustrated in Fig. 2. The system uses electronic scanning along the length of a 
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linear array probe, depth focusing and beam steering through a range of incident angles, to 

achieve the best possible detection of the flaws. 

 

 

 

Fig. 2. UT inspection of the weld 

 

The coverage of the root section of the weld by different channels of the UT system is 

shown schematically in Fig. 3. 

 

 

Fig. 3. The cross section of the weld area with indicated coverage with different channels. 

4. Flaws in the Root Section of the Weld 

During more than 10 years development of the FSW of the copper shell by SKB, more than 

100 welds have been produced and inspected with NDT methods. In order to evaluate the 

reliability of the UT system with regard to the detection of flaws in the weld’s root section, 

more than 40 positions in six welds have been chosen for a further analysis. The positions 

were chosen based on the evaluation of the NDT results, which indicated they might 

contain either JLH or incomplete penetration flaws. Samples have been cut out from the 

welds at those positions, prepared for a macroscopic examination by a mechanical grinding 

and polishing, followed by a chemical etching in an HNO3 solution. Macrographs were 

inspected and the type and the size of the flaws were noted. The macrographs of two 

samples with JLHs are shown in Fig. 4. The arrows indicate the course of the JLH. 
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(a)    (b) 

Fig. 4. The macrographs of the JLHs at the position 10.0 (a) and 39.1 (b). 

5. Reliability Analysis 

The probability of detection (POD) curve is considered a standard tool for the 

quantification of the reliability of NDT systems regarding the detection of flaws [6]. Signal 

response analysis provides a model to calculate the POD as a function of the flaw size [4]. 

For the successful analysis, the peak response signals from the inspection system and the 

true size of the flaws are needed. 

Signal response analysis 

The diagram in Fig. 4 shows response signal peak amplitudes of the UT system plotted 

against the measured radial size of the JLH. Although one can observe a general tendency 

of the increase of response amplitude with the increase of the radial size, one can also 

observe high scatter of the data.  

 

 

Fig. 5. Measured response amplitudes plotted against the radial size of the JLH. Different colours represent 

different channels of the phased array UT probe. 
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This scatter can be explained by the influence of other parameters, beside the radial size of 

the JLH, on the response amplitude. The multiparameter reliability model [ref. XXX], 

offers the possibility to include the influence of several factors on the response amplitude 

and express the POD as a function of these parameters. For the identification of these 

parameters, further analysis is needed. To this end we used the simulation of the UT 

inspection. 

CAD reconstruction of the JLH 

For the further analysis, profiles of JLHs were reconstructed from the macrographs using 

CAD software. The reconstruction is used in order to model the geometry of the flaw 

within the UT simulation software. The reconstruction of one JLH is shown in Fig. 6a. 

Once all JLH profiles have been reconstructed, a parametric model of the flaw geometry 

will be developed. From the size measurements of the flaws, the range of each parameter 

can be determined. This way it will be possible to calculate the response for the whole 

family of JLHs by varying different parameters.  A possible parameterisation of the flaw 

geometry is shown in Fig 6b. 

  
 

(a)     (b) 

Fig. 6. Reconstruction of the JLH geometry from macrographs using CAD software (a).  

One possible parameterisation of the JLH geometry, where p, q, r, δ and γ are parameters with which 

complete geometry of every JLH can be defined (b). 

Ultrasonic Simulation 

The reconstructed profiles were imported in Civa and multi faceted flaws were created. The 

geometry of the canister and the phased array transducers with a delay laws used for the 

actual inspection has been modelled [7]. There are no significant changes along the 

circumferetial dimension of the geometry of the flaw or the canister, and the radius of the 

canister compared to the size of the flaw is large enough to consider it as a 2D problem. 

However, due to the shape of the sound field and based on the preliminary calculations, a 

3D simulation is performed. Difference in the response amplitudes between the different 

channels of the same flaw, and between the different flaw geometry is observed. The 

simulation results have been compared with the measurements. 
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(a)     (b) 

Fig. 7. A 3D-model of the canister geometry with the geometry of the JLH, with a phased array  

transducer with delay laws for the 12° channel in Civa (a). A calculated B-scan (b). 

Analysis of the simulation and measurements 

A closer look at the response UT amplitudes from the individual JLHs revealed that other 

factors than the geometry of the JLH will also have an influence on the response 

amplitudes. Two geometrically almost identical JLHs, which macrographs have been 

shown in Fig. 2, had a response amplitude difference of more than 6 dB, depending on the 

inspection channel. In Fig. 8a, the CAD profile of the two flaws are displayed 

superimposed, clearly showing that there are almost no geometrical differences between the 

two. The B-scan with a 12° channel of the first flaw is shown in Fig. 8b and of the second 

in Fig. 8c. The difference in maximum amplitude for this channel is 4.5 dB.  The B-Scan 

from the simulation is shown in Fig. 7b. The simulation, clearly, cannot tell apart the flaws 

with the same geometry without including additional factors in the model. Examination of 

the position of the two investigated flaws revealed that the flaw with higher response 

amplitude was located at the end of the weld sequence. This means that some of the 

material above the normal weld zone is also welded. The weld has finer grains than the 

parent material and thereby lower ultrasonic attenuation. Since the ultrasound is passing 

through multiple welds with lower attenuation than the parent material, the higher response 

amplitude can be explained. 

  

 
 

(a)   (b)   (c) 

Fig. 8. The CAD reconstruction of the two almost identical JLH geometries overlapping (a).  

The UT B-scan of the first (b) and the second (c) flaw, as measured by SKB. 
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Additional parameters that might influence the response amplitude are the surface 

roughness of the flaw and the opening of the flaw. These effects need to be studied in 

greater detail. 

6. Conclusions and Outlook 

The JLH is a type of a flaw that can occur in the root section of the FSW of the canister. 

Due to the safety concerns, the reliability of the NDT to find this type of the flaw needs to 

be quantified. The POD, as a standard tool to quantify the reliability of the NDT system, 

can be applied for this purpose. Conventional signal response analysis, where the POD is 

correlated with the size of the flaw, has been shown to be insufficient. The reason for this is 

that there are more parameters that have a large influence on the POD. To better understand 

the influence of different parameters on the response amplitude, simulation of the UT 

inspection has been performed. The geometry of the JLH has been identified as an 

influencing factor. Further analysis has show that not only the geometry of the flaw, but 

also the grain size in the surrounding material, as well as the defect surface characteristics 

will have large influence on the POD. Further investigation of these effects is needed, with 

the final goal of including all influencing parameters in the multiparameter model and 

calculation of the POD as a function of these parameters.  
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