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ABSTRACT 
 
Posiva Oy will take care of spent nuclear fuel disposal canisters. Spent fuel of Loviisa NPP of Fortum Oyj 
and Olkiluoto Plants of TVO Oyj will be stored in the same disposal site in Olkiluoto. Disposal canister 
components are nodular cast iron inserts providing strength and fracture toughness, with copper tube and lid 
providing corrosion protection. The canisters will be sealed with electron beam welding or friction stir 
welding.  
Several NDT methods are applied and developed by Posiva Oy to ensure the quality of copper components 
and sealing welds. This paper describes some phased array ultrasonic inspection techniques of disposal 
canister copper components and welds. More advanced ultrasonic evaluation can be carried out using PA-
SAFT or using matrix PA. Both approaches are also discussed for evaluation of these components. The 
evaluation of the indications is a demanding task for sizing and a basis for the right acceptance. The defects 
to be inspected are related to different manufacturing methods of the defects. The defect types form a basis 
for the design of non-destructive testing because the defect types, which occur in the inspected components 
affect to the choice of inspection methods. The results from other NDT-methods (ET, RT and VT) will be 
also used to guide sizing in different areas of components. Some of the UT results will be compared to 
radiographic results.  
The practical inspection of the copper material is challenging due to the anisotropic properties of the material 
and local changes in the grain size of the copper material. The copper properties for testing must be taken 
into consideration in inspection and this will be also discussed. 
 
1. INTRODUCTION 
 
The disposal canister should hold its tightness large at least 100 000 years. A good and long lasting tightness 
is requiring /1/: 
 A good original tightness (with high quality requirements and extensive inspections) 
 A good corrosion resistance (use oxygen-free copper as a copper material) 
 Sufficient mechanical strength (ensure with tensile tests or similar). 
Canister must limit the radiation exposure on the outer surface of the canister, in order not to limit 
excessively the handling or transport of the canister.  
The NDT inspection of copper tube, lid and lid weld plays important role in the acceptance of nuclear fuel 
disposal canister. There are two main reasons for inspection of these components: manufacturing and 
handling defects of components. To accept and reject the copper components and welds the defect sizing is 
necessary process in order to compare the inspection results to requirements and inspection specifications. 
The inspection procedure has been produced during the development of the inspection techniques. The aim 
of the inspection method development is to qualify the inspection methods defect detection and sizing 
procedures according to ENIQ in order to show the inspection capability. At the moment the study of 
technical justification for the qualification purposes is going on. At the same time the defect catalogue will 
be gathered and gained experience from Posiva's test manufacturing and welding by doing NDT 
measurements. To inspect copper tubes, lids and welds ultrasonic and eddy current testing techniques are 
applied. Basic ultrasonic inspection will be carried out with linear phased array probes. For sizing different 
ultrasonic techniques will be applied and all sizing tasks are carried out with the phased array probes. 
Typical sizing techniques have been applied like 6 dB method, tip diffraction and TOFD. Additionally 
phased array SAFT has been applied to large amount of reference specimen and welds containing both 
reference and real defects.  The grain size variation gives additional challenges to ultrasonic testing and this 
can make sizing more difficult. The inspection requirement concerning the defects of components and welds 
and also the basics of the applied ultrasonic sizing techniques will be discussed. 
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The acceptance and rejection process based on the NDT is necessary. The acceptance criteria are mainly 
under development. Some preliminary criteria have been given for the thick copper weld inspection in the /2/ 
but this work continues. The sizing of the defects will be most important phase in acceptance of the 
components and welds based on NDT results. 
 
2. DEFECT TYPES OF COPPER COMPONENTS 
 

The inspection of copper components will be started with the surface inspection of  the copper billet. The 
designed spent nuclear fuel canister consist of copper tube, copper lid (see Figure 1), nodular cast iron insert, 
steel lid and closure copper weld between copper tube and and copper lid. All copper components and 
closure weld will be inspected by the ultrasonic testing except copper billet. These components contain 
different types of manufacturing and handling defects. 

 
 
Figure 1. Copper billet (1), copper tube with integrated bottom (2), lid (3) and EB-weld (4) combines the 
copper tube and the lid (on the left). The possible defect types are mentioned based on the manuf.acturing 
method as shown in the right image. 
 
In Figure 1 on the right mentioned possible manufacturing defect types of different copper components, 
which can occur in the  ultrasonic inspection. Defect types are discussed in the litterature /3,4,5,6/. Basic 
rules are that for copper billet the detectability of inner defects is impossible and also not necessary. Large 
voids in ingot can be detected through the mass and dimensions variations. The surface of copper 
components will be more sensitive after metal working (forging, extrusion, pierce and draw) and after final 
machining. This means that one has to avoid all kind of handling defects to final surface of the copper 
components as well as for the weld surface after final machining. Typical defect types are gathered defect in 
Figure 1. The detectability of the different defect types in ultrasonic testing can vary based on the properties 
of the defect. Planar defects are typically difficult to detect if they are inclined to ultrasonic beam. There are 
also 3D defects in the copper welds which can be difficult to detect in normal PA- ultrasonic testing mainly 
based on the orientation of the defect. Typical defects in copper tubes can be porosities, delaminations, large 
grain size variations and in some special cases cracking, In copper lid there can be laps from the forgings and 
also porosities and voids. In copper lid the grain size can vary depending on the working grade. In copper 
weld are defects related to welding method. There can be 3D-defects which are mainly lack of fusion type 
defects. Also larger voids can occur in welds if parameter are outside of the normal range. Main defect types 
in friction stir (FSW) and electron beam welding (EBW) are discussed in /2/. 
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3. DEFECT SIZING ULTRASONIC TECHNIQUES APPLIED TO COPPER TESTING  
 
In this study have been applied 4 methods: 6 dB drop method, tip diffraction, TOFD and phased array SAFT. 
3.1 6 dB method with Linear PA and Matrix PA 
 
The half drop of the amplitude is mainly used sizing method in ultrasonic testing. Still it is known to be the 
most unreliable sizing of the surface breaking defects. For the inner defects sizing it is usable when no other 
method is available. In this method the indication amplitude is maximized and probe is moved on the other 
direction as long the amplitude is reducing to the half of the maximum amplitude. Same procedure is 
repeated in the opposite direction and the size of the defect is gained from measurement. This method has 
been applied to measure the LOP defects and also in sizing of one internal defect of weld shown in Figure 2.  
 

 

Figure 2 Sizing by 6 dB drop method for the weld defect. 

3.2 Tip diffraction with matrix PA-TRL and Linear PA 

The tip diffraction method is based on the diffraction phenomena at the defect upper or lower edge. It is 
known as one of the most accurate sizing method. This has been proven in different round robin trials. The 
method has been used in Finnish nuclear power plants since 1980s as one sizing method for detected 
indications. TOFD is special application if sizing based on diffraction and for that reason it will be regarded 
and discussed separately. 
Because of existence of the 3D-defects in copper welds using either EB-welding or FS-welding, matrix 
phased array offers possibility to improve defect detectability by adjusting ultrasound field in optimal 
direction to receive maximum response in spite of defect orientation, Figure 3. Other important improving 
factor in defect detection in matrix phased array is that better focus can be achieved when focusing in two 
active directions. In linear phased array there is one passive direction, which cannot be focused. That passive 
direction acts like in conventional ultrasonic probes. In our case matrix phased array technology has been 
applied for thick copper plate (60 mm) inspection containing EB-weld and also in copper FS-weld 
inspection. For thick plate EB-weld was manufactured a reference specimen which contains defects having 
2.5 mm and 5 mm depths in front of weld and behind the weld shown in Figure 3. In this thick copper plate 
the reference notch 2.5 mm in depth behind the weld was detected by about 20 dB Signal to noise ratio and 
the tip was also detectable. These types of thick copper plates are used for parametric study of EB-welding. 
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Figure 3 TRL matrix PA-array configuration and Measurement results from thick copper plate having 
different depths of notches in the front and back of the EB-weld. 

3.3 TOFD technique 

Measuring the amplitude of the reflected signal can be an unreliable method of sizing defects because the 
amplitude strongly depends on the orientation of the crack. Instead of amplitude, TOFD (Time of Flight 
Diffraction) uses the time of flight of an ultrasonic pulse to determine the position of a reflector/7/. In a 
typical TOFD system, a pair of probes is turned against each other. One of the probes transmits an ultrasonic 
pulse that is received by the other probe. In undamaged material, the signals picked up by the receiver probe 
are from two waves: first one that travels along surface - lateral wave and second one back wall response 
(longitudinal wave). TOFD technique is well explained in /8/. TOFD-application  using linear phased array 
probe can simply realized by choosing a group of elements for example 7 elts as in our case as a sender and 
choosing corresponding receiver group (7 elts). The distance of 2S can be varied in applied cases from 20 
mm to 40 mm. For focal law computation the angle incidence of 60° was applied for receiver and sender, see 
Figure 4. To optimize for TOFD linear phased array has to go some structural changes which has been 
realized by different companies /9, 10/. In our cases we have satisfied with the ordinary linear phased array 
in TOFD sizing trials.  

 

Figure 4 Linear phased array set up for sizing with TOFD technique surface breaking defects 

The depth d of the surface breaking defect can be computed from 3 input in TOFD method according to 
equation 1: 

22))
2

(( S
tC

Sd L
defectsurfaceOuter     (1),  

where S is half of the probe separation 2S, CL is velocity of the lateral wave and t is time difference 
between lateral wave response and diffraction wave response. If it is a question of the defect in the inner 
surface defect its depth can be computed according to equation 2: 

TipdefectsurfaceInner dad      (2), 
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where a is the wall thickness and the size of a subsurface defect is received according to equation 3: 

tipUppertipLowerdefectSubsurface ddd     (3) 

To calibrate TOFD it is possible to use either back wall response or lateral wave response. Lateral wave is 
not normally present when a surface breaking defect is a sufficient deep more than 1.0 mm and long on the 
surface. Additionally defect must be open. In case of closed cracks for instance the lateral wave can go 
through closed crack and defect is not detectable. The lateral wave can go underneath the defect and it is not 
detected clearly before 2 mm defect depth in our measurements. In any case TOFD is easy technique and 
quick way to produce reliable information from a defect, its depth and length which is normally needed for 
ordinary sizing. In Figure 5 is shown the principle of defect sizing using TOFD by comparing lateral wave 
time of flight to defect diffraction response time of flight. In Figure 5 case the time of flight is 0.7 µs 
corresponds 1.8 mm defect depth. The calibration curve for different defect depths is shown in Figure 5 on 
the right. Blue dots show calibration used which extends from 1 mm to 10 mm. for deeper defect will used 
different setup for phased array this is shown as red dots in calibration curve. According to calibration curve 
the sizing error will be less than 0.3 mm when defect depth is less than 10 mm. By using C-scan the length of 
the defect can be measured as shown in Figure 5 on the right. The measurement has been carried out along 
axial direction but scanning along circumferential direction so that the weld center line is in the middle of the 
PA-probe. In the measured case the defect starts from 2129 mm and its length is 285 mm. 

 

Figure 5 The depth sizing based on using lateral way time of flight calibration for surface breaking defects 
(on the left and in the middle of the image). The length sizing is based on 6 dB drop (on the right). 

3.4 PA-SAFT 
 
In SAFT reconstruction Signal noise ratio from defects will be improved with help of signal averaging. 
Typically for SAFT measurements small conventional probes has been used. With the help of phased array 
by angular scanning enables to use SAFT reconstruction for data evaluation. This technology has been 
developed and reported for many applications by the BAM Berlin, who applies the phased array SAFT (PA-
SAFT). In PA-SAFT several angles of incidence are computed together producing large sound field as 
shown in Figure 6. Each angle of incidence can be separately computed in order to improve signal noise 
ratio. Along one measurement line can thus produce a sufficient large aperture for SAFT reconstruction. In 
Figure 6 are modelled both conventional small conventional probe (on the left) and linear phased array (on 
the right) both having large aperture /11/. 

 

 

Figure 6 The sound field of a small conventional probe and phased array probe using angular scanning /11/ 
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Posiva applied in the measurement the linear phased array probes having frequencies of 3.5 MHz or 5 MHz. 
The PA-probes were guided along horizontal circumferential scanning tracks at the outer surface of selected 
copper lids with welds and a part of a copper tube, Figure 7. The specimen under test were mounted on a turn 
table and totally immersed in water so that all the circumference water was available for probe coupling. The 
probes were fixed to a probe holder and the measurements occurred along comb-shaped scanning tracks so 
that the data acquisition only happened during a turn table movement in clock wise or counter clock wise 
direction in dependence of probe alignment. The increasing summing of increments by the encoder was 
applied for recording of measurement positions. Measurement point distances as well as distances between 
adjacent scanning tracks had an amount of 0.2 mm or 2 mm. The beam angles were changed between -40° 
and +40°. For the measurement16 transducer elements were always used. For best coupling conditions the 
elements with number 56 until number 71 were activated in transmitter and receiver mode. In some cases the 
elements with number 113 until number 128 were activated for data recording. The arrangement is shown in 
Figure 7 is shown the weld positioning in the measurement arrangement. There were inspected several 
copper tube and several copper EB-welds using PA-SAFT. The reference copper tube T42-5 was used also 
for sizing measurements. This reference specimen contains about 60 reference defects. The measured copper 
welds were containing both reference as well real defects. Reference defect types were small EDM side 
drilled holes having different depths. With this arrangement the smallest (5 mm deep) side drill holes were 
not detected. But all other were detected in spite of the diameter. The EDM side drilled hole diameter varied 
from about 0.3 mm to 2 mm (reference specimen Xk048, and Xk053).  

 

Figure 7 Measurement set up for PA-SAFT trials and copper weld positioning in phased array SAFT. 

4 SIZING TRIALS AND EXPERIENCE IN COPPER INSPECTIONS  

The NDT acceptance of the component can be divided into the requirements caused by defects for the choice 
of inspection technique (1), the defect detection analysis after inspection (2), the defect sizing (3), the 
comparison of the inspection results to acceptance criteria (4).  
The final disposal canister master requirement is shown in Figure 8. According to it defect size should not 
exceed 15 mm or remaining wall thickness should be at least 35 mm. 
 

 

Figure 8 Master requirement of the disposal canister for acceptance rejection process (on the left). 
Acceptance and rejection process of copper components according to evaluation of NDT indications (on the 

right) 
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The preliminary acceptance / rejection process of copper components and copper welds is divided in four 
sections, Figure 8. In copper components will be done defect detection applying 3 methods: visual, eddy 
current and ultrasonic testing. In the weld inspection is applied additionally radiographic testing. After 
measurement the analysis is based on the raw data analysis. If indications are clear and acceptable the 
component or weld can be accepted. In case of indication exceeding the acceptance criteria further analysis 
will be carried out in order to measure the minimum wall thickness and the defect more accurate by suitable 
method. Some of these methods have been mentioned in previous chapters. If indication is acceptable after 
this analysis component will be accepted. In case the indication i not acceptable and it is not clearly 
rejectable deviation assessment will be carried out. The material experts will be also involved in the 
deviation assessment besides the NDT experts before final acceptance or rejection. In special cases if the 
defect exceeds the acceptance criteria but is situated so that it's presence does not cause problems in long 
term safety issues.  In this case the component deviation assessment will be guided to authority handling. If 
in the deviation assessment process can be stated the component fulfils acceptance criteria the component 
can be accepted by the licensee.  
In our sizing trials it was tested the acceptance criteria process. Among others following sizing trials were 
carried out sizing with linear and matrix phased array using 6 dB sizing, TOFD using linear phased array 
probe and linear phased array SAFT method. 
An internal defect was found in the weld and sized using normal linear phased array probe (LPA) and matrix 
phased array probe (MPA), Figure 9.  The radial size was measured to 11.2 mm by using LPA in total after 
combining two near indications. The measured axial length was 14.0 mm and in circumferential direction the 
length was about 1° which corresponds about 9.1 mm. So the defect size according to ASME XI was gained 
a x l = 5.6 mm x 9.1 mm. This is still acceptable size of the defect. This indication will be investigated also 
with help of metallographic study. 
 

 

Figure 9 Internal weld defect sizing using linear phased array and matrix phased array probes. The size of the 
defect was measured in three different directions. 

For copper weld inspection the angular scanning in 2 directions was realized by using matrix phased array 
having 11 x 11 elements. The size of the weld defect was determined in the axial angular scanning: the radial 
size was measured to be 13 mm in total after combining two near indications. The measured axial length was 
14.1 mm and in circumferential direction the length was about 1° which corresponds about 9.1 mm. So the 
defect size according to ASME XI was gained a x l = 6.5 mm x 9.1 mm. This is still acceptable size of the 
defect. This indication will be investigated with help of the metallographic study. The size of the indication 
was about the same as measured with linear phased array probe or matrix phased array probe. The size of the 
defect was a bit smaller in circumferential angular scanning direction using matrix phased array probe: 8.2 
mm and in radial direction 11.8 mm which gives a x l =5.9 mm x 8.2 mm. 
 
In TOFD inspection there were measured different types of defects: reference defects as well also real 
defects in copper weld, tubes and plates. The variation of defect depth from the surface varied from 1 mm to 
44 mm. The known maximum distance to surface was about 37 mm. The real defects were not sized by 
metallographic studies, but later on will be carried out some metallographic studies on the some of these 
measured indications.  The amount of the known distance of defect depths was about 30 reference defects. 
The measurement of those defects is shown in the curve of Figure 10. Based on this information the sizing 
error was about ±1 mm of the true value. 
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Figure 10 The results of the analysis TOFD surface breaking defects on the left and lateral wave 
measurement 

To minimize the sizing error is based on the accurate measurement of arrival time of the lateral wave and 
back wall response. In our measurements in was seen that theoretical lateral wave arrival time was smaller 
than measured which is probably related to the probe information accuracy of the PA-pitch and (or) index 
position accuracy. In TOFD measurements the variation of the lateral wave was about 0.2 µs bigger from the 
theoretical value.  Also the used linear phased array probe was not optimized for TOFD measurements, 
which can cause some error is measurements. This was seen in weak lateral wave and back wall response. 
When analyzing surface breaking defects it was seen that 1 mm defect depth was not seen clearly because 
the defect signal was mixed with lateral wave signal. It is obvious that lateral wave will go underneath the 
defect when defect's depth is 1 mm or smaller in our probe setup. When the probe separation was chosen to 
be 20 mm from 40 mm, there was small amplitude weakening in lateral wave C-scan from 1 mm deep notch, 
but it was hardly detectable in the C-scan. In Figures 11 - 12 is shown additional results from our TOFD 
measurements. 

 

Figure 11 Diffraction responses from a 15 mm deep notch locating in the opposite surface. Lack of back wall 
response is also detectable. A-scan is on the left and B-scan on the right. 

 

Figure 12 TOFD image from the internal notch in wall thickness direction is showing upper and lower tip of 
the notch on the left. On the right is shown A-scans from the sizing of the two long surface breaking defect 

in the copper weld. 

In copper weld detected surface defects - voids. They were measured with TOFD method. The depths of 
defects were in the measurements 1.5 mm and 2.1 mm. Both defects were long more than 100 mm. The 
possible sizing error will be caused by the geometry of the defect, while it is about 5 mm wide, Figure 12 on 
the right. 
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 In the phased array SAFT measurement one reference specimen (XK053) was measured as a blind and PA-
SAFT found all 80 reference defects. The diameter of the side drilled holes varied from 0.5 mm to 1 mm and 
the depths varied from 10 to 50 mm. some of the defects ware deeper than 50 mm. The Figure 13 shows 
similar EDM side drilled holes in the reference specimen XK048.  In Figure 14 has been shown the sizing of 
a real defect. The sizing gives as a result the depth in axial direction 15.7 mm, in radial direction 10 mm and 
in circumference direction about 9.2 mm. Some sizing properties was programmed after Posiva's 
measurement trial's to BAM's analyzing software in order to be able size in all three directions. 
 

 

Figure 13 Visualizing PA-SAFT measurement from several EDM side drilled holes having different depths. 

 

Figure 14 Real weld defects detected and sized using PA-SAFT from the weld specimen Xk033. 

Same specimen (Xk033) was also X-rayed with 9 MeV linear accelerator. About same defects was detected 
with both methods. Some extra indications were seen in phased array SAFT result as seen in Figure 15. At 
the moment in metallographic testing some small defects has not been detected using linear phased array 
measurements and they are typically in radial direction. Phased array SAFT provides also for detection of 
these defect types. These defects are quite thin and also 3-dimensional which means that in X-ray inspection 
they are not necessary optimal for detection.  Phased array SAFT can be improved by using matrix phased 
array so that angular scanning can be performed in two axis directions (circumference and axial directions).    

 

Figure 15 Comparison between Xray and PA-SAFT results from a copper weld containing several weld 
defects 
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5 SUMMARY AND CONCLUSIONS 

Several sizing methods were applied successfully to copper components of the disposal canister. The sizing 
error could not be fully estimated because all metallographic studies have not yet been carried out for all 
measured defects. In generally PA-SAFT was shown to be really extremely good in detection of weld defects 
compared to normal linear phased array measurements. Some results PA-SAFT were compared to X-ray 
measurements. Ultrasonic PA-SAFT detected even more defects than X-ray using 9 MeV linear accelerator. 
PA-array SAFT provides also the possibility to evaluate both defects in front and back of the weld, which is 
not possible in X-ray inspection. TOFD method showed to be simple and quick for defect sizing. The 
inaccuracy of the sizing in TOFD was sensitive to lateral wave calibration for small surface breaking defects. 
When the surface breaking defect depth is more than 2 mm the applicability of the TOFD was good. In order 
to improve our accuracy of the method the probe configuration must be changed for phased array 
applications as it has been realized by some inspection companies. The acceptance rejection process was 
applied to these sizing trials and it showed to function successfully. Copper anisotropy was not a problem in 
EB-weld for ultrasonic sizing. One should not forget other methods possibility to give aid for sizing and for 
improved acceptance and rejection. 
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