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Figure 51. Principe of ultrasonic linear phased array.  

 
4.4.5 Matrix phased array probes 

Matrix phased array probes have an active aperture divided into a two aperture axis: 
primary and secondary aperture (Figure 52). This division can be in the different forms 
of a checkerboard or sectored rings. These probes allow the ultrasonic beam to be 
driven in 3D volume of inspected components by combining electronic focusing, 
deflection and steering. By using matrix phased array 3D defects can be detected more 
easily. The trials of the use of the matrix phased array have been started. This type of 
matrix phased array (as in Figure 52) is already in use. In the first stage the application 
has been introduced to ultrasonic inspection of plate welds, which are used to study the 
welding method as well as welding the reference welding according to the welding 
standards. This type of sound field forming gives the possibility to detect the most 
demanding types of defects. But basically the nature of defects must be known before 
being able to design the best possible matrix probe for inspection. This matrix phased 
array technique will be applied in 2010 for real weld geometry in order to improve the 
detectability of defects. The main reason is that the real defect types are three 
dimensional in copper EB welds. And it seems that in FS welds they are also in the 
same way three dimensional. 

 
4.4.6 Ultrasonic Inspection techniques for weld inspection 

The evaluation of ultrasonic inspection is carried out using the latest Civa software 
version. A- , B- and C-scan images are used for the visualization of the indications. In 
C-scan the whole weld as a top view with possible indications is shown, which has to be 
analyzed. On a colour scale red shows a defect and dark green is a non-indication area. 
Using zoom, the size of one separate defect can be determined; by positioning the 
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cursor the A-scan will show the amplitude of the indication related to its position in the 
weld volume. This amplitude of indication will be compared to the amplitude of the 
reference defect. If the indication exceeds the registration level, it will be analyzed and 
the size of the indication will be measured from the corresponding positions in the B- 
and C-scans. 

For inspection of EB welds different ultrasonic inspection techniques will be used. All 
techniques used are shown in Figure 53. The basic inspection technique uses 0 °L, 
completing inspection techniques using angles of incidence of ±20 °L. For surface and 
partly for root inspection a technique with an angle of -20° is used. This technique of 
+20° is also used for sizing purposes.  

 

 

Figure 52. Layout for matrix phased array probe. 

 

These different techniques are shown in Figure 53. Using an electronic scan in the 
direction of the weld penetration, sound beam directions 0° and ± 20° and focusing at 
the weld depth (Figure 53). Gain values for 0° and ± 20° data acquisition will be set for 
same level with the help of a reference specimen. The signals from the FBHs (Flat 
Bottom Holes) and SDHs (Side Drill Holes) located in the front and behind the weld are 
measured and used as a reference. The used reference defect is FBH and its size is �3 
mm. 
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Figure 53. Ultrasonic inspection principle of copper EB weld inspection with phased 
array system.  

 

 
 

Figure 54. The inspection techniques for FSW inspection. 



62 

 

For inspection evaluation of an FS weld the following techniques will be applied: the 
basic inspection technique will be performed using 0 °L surface, the root volume will be 
inspected using angle scanning. Root and surface inspection for curved defects will be 
carried out with an angle of -20° as shown in Figure 54. All techniques are visualized in 
fixed circumferential position showing one electronic scan of that area. The mechanical 
scan is performed in a similar manner as in the EB weld inspection around the weld. 

Different focal laws will be applied to perform the inspections in both weld type 
inspections. To avoid saturated signals from the key reference reflectors low gain 
setting values must be applied.  

 
4.4.7 Reference specimens 

The gain setting can be performed using specific reference specimens, which are made 
using the same geometry as in the real size canisters. The reference specimen for 
ultrasonic testing of the EB weld is shown in Figure 55. The reference specimen 
contains FBH defects for the evaluation of defect amplitude of planar type defects and 
SDH defects will be used for the evaluation of volumetric type defects. Notches on the 
surface simulate surface breaking type defects. These types of reference defects are 
inserted in this specimen. 

 

 
 
Figure 55. Reference specimen for ultrasonic inspection techniques of EB weld. 

 

4.4.8 Adjusting equipment for inspection and data acquisition 
 

To avoid saturated signals from the key reference reflectors low gain setting values 
must be applied. The signals from the FBHs and SDHs located in front of and behind 
the weld must be measured and used as reference. The main reference defect size is �3 
mm FBH. The gain will be set so that the sensitivity of different techniques (0° and ± 
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20°) will be same. This procedure will be carried out with the help of a reference 
specimen. 

 
4.4.9 Data analysis 

 
In data analysis it must first be confirmed that data acquisition has been carried out 
properly. The first item to check is the quality of the data against bad contact, 
interference peaks from the surroundings and the designed inspection pattern according 
to procedure has been followed. The next step is to check that no saturation in signals is 
present. After that it is possible to check the calibration. If all these items are acceptable, 
the defect detection and defect sizing and characterization can follow. 

Defect detection 

The estimated size of the beam varies between 3.2 mm and 3.4 mm in the weld volume 
(Figure 56). The attenuation is about 10 dB in the weld area, which must be considered 
in the evaluation of defects. This clearly causes the increase of the detectable defect size 
behind the weld. In front of the weld according to measurement from the signal to noise 
ratio (SNR) of �3 mm FBH gives SNR of 35 dB and this is measured for minimum 
detectable defect size in the optimum case. In the estimation of the smallest defect 
which can be found, the SNR must be more or the same as 6 dB. The grain size 
variation in the tube material can vary the detectable defect size in front of the weld. 
The grain size effect on the detectability of defects in the ultrasonic testing has been 
discussed in study presented 2007 (Pitkänen et al. 2007c). 

 

Figure 56. Size estimation of the phased array sound field in the volume of the weld. 
 

The inspection of the EB weld for this geometry is actually the only possibility to carry 
out inspections from the outer side of the tube. The grain size is large in the axial and in 
the circumferential direction. In the radial direction from which direction the ultrasonic 
inspection is carried out, the grain size distribution makes the ultrasonic inspection 
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possible. There are many possibilities for improving the detectability of defects and 
Posiva will study some possibilities, such as sampling the phased array, full matrix 
capture technique and the evaluation of the matrix phased array and TOFD (Time Of 
Flight Diffraction Technique), but the impact of these special techniques is mainly in 
defect sizing, although of course also partly in defect detection. The POD of the EB 
weld will be studied in co-operation with BAM and the preliminary results will be 
available at the end of 2010. 

The behaviour of weld reference defects in ultrasonic inspection has been modelled with 
the help of Civa. Reflectors were inserted in a copper cylinder (outer diameter 1050 
mm) with a ligament of 44 mm from the scanning surface. The diameters of the FBH 
varied from 0.5 mm to 3 mm. Also, a 3 mm side drilled hole (SDH) was inserted as a 
reference (Figure 57). Also, hemispherical-bottom holes (HSBH) were applied as 
defects to better imitate real defects. The �3 mm FBH and SDH were included in the 
simulation as reference. The different reflector types are shown in Figure 58 as 
modelled by the simulation software.  

The probe applied was a 3.5 MHz 128 element linear phased array probe (Imasonic 
6636, same probe characteristics as used in the weld inspection). The delay laws applied 
were as defined in the inspection procedure. Aperture 22 elements focusing on a depth 
of 44 mm. 0° delay laws were computed both with single point focusing (depth 44 mm) 
and direction and depth (0°/44 mm). 

 

Figure 57. Simulation layout: 0° (left) and 20° (right). 
 

 

 

Figure 58. The reflector types applied in the simulation. Hemispherical-bottom hole 
(HSBH) left, flat-bottom hole (FBH) in middle and side drilled hole (SDH) right. The 
applied beam direction is shown with a green line. 
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According to the simulation, the amplitude drop is very similar at 0° and 20°. The 
rounded estimate that applies for both cases is given in Table 7. 
 
Table 7. Amplitude drop compared to 3 mm FBH using flat-bottom (FBH) and 
hemispherical-bottom (HSBH) reflectors. 

Reflector diameter 
(mm) 

Amplitude drop of FBHs 
(dB) 

Amplitude drop of HSBHs 
(dB) 

3 0 -15 
2 -6 -18.5 
1 -17 -22.5 

0.75 -21 -25 
0.5 -28 -30  

In ultrasonic inspection analysis the threshold (recording threshold) is set 21 dB below 
the signal level of the 3 mm FBH, which is a reference defect. Thus, in theory, defects 
with a flat surface with a diameter of 0.75 mm and oriented perpendicularly to the beam 
can be detected. On the other hand, if the defect reflecting surface is spherical, only 
defects with a diameter of 3 mm (15 dB below the reference reflector amplitude) and 2 
mm (18.5 dB below the reference reflector amplitude) can be detected. Spherical 
reflectors with a 1 mm diameter (22.5 dB below the reference reflector amplitude) are 
already below the analysis threshold. According to the simulation, the 3 mm SDH 
produces a signal amplitude about 1 dB higher than the 3 mm FBH when a 0° beam 
angle is used. These signal levels are equal when a 20° beam angle is applied. 
According to the simulation, the signal levels of a 20° beam are about 3.1–3.5 dB lower 
compared to signal levels of the 0° beam. In other words, a 3–3.5 dB higher gain should 
be applied at the 20° angle inspection technique compared to the 0° inspection 
technique to achieve equal sensitivity in inspection. The simulation has not taken into 
account the attenuation of the material or the higher noise of the weld zone. Both of 
these factors will in reality lower the detectability of the flaws. In the data for the 
reference specimen measurements the signal noise ratio is about 35 dB from the 3 mm 
FBH. It gives the minimum detectable diameter at about 0.7 mm (Figure 59). A more 
practical value seems to be 1 mm in front of the weld and 2 mm behind the weld in the 
optimum case considering the noise level in the measured welds. 

Defect sizing 
 

For UT the defect sizing is shown in Figure 60. All three directions will be measured. 
The axial and circumferential size will be received from the C-scan data and the radial 
size of the defect will be estimated from the B-scan. The amplitude value and dynamic 
behaviour of the defect will be one part in sizing using the A-scan. The angle inspection 
(±20°) must be considered in sizing simultaneously with the result of a 0° angle to give 
the final result of ultrasonic testing. In FSW the defect has been sized using angular 
scanning.  
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Figure 59. Defect detectability in ultrasonic testing of the EB weld. 

 

 

Figure 60. Defect sizing in ultrasonic testing using a phased array system with a 0° 
angle. 

 

  

Figure 61. Sizing of different types of defects in ultrasonic testing. 



67 

 

 
Figure 62. Defect sizing in an FSW sample. 
 
 

4.4.10 Raw data evaluation 

Raw data evaluation for the EB weld is based at the moment on using three different 
techniques mentioned in ultrasonic inspection for weld measurement. These three 
different techniques are shown in Figure 53. When a defect can be detected using all of 
these techniques, it is indicating a volumetric defect type as demonstrated in Figure 63. 
The length seems to be about 12 mm in circumferential direction and axial direction 
about 8–10 mm. The defect will be analyzed using three different views: C-, B- and A-
scans. The defect dimension is given by the C- and B- scans in the circumferential and 
axial directions, and the A-scan gives the amplitude compared to reference amplitude 
(FBH 3 mm) and position in the radial direction. 

 

Figure 63. Raw data evaluation for EB weld measurements using three different 
techniques and combining the indication results from each technique to one defect. 
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4.4.11 Specific data evaluation 

More accurate defect sizing needs specific tools for the evaluation of data. The 
following methods can be used for improving the data: 

- analysis using tip diffracted signals 
- optimized sound field shaping using matrix phased array 
- sampling phased array technique 
- Synthetic Aperture Focusing Technique (SAFT) 
- full matrix capture technique 
- TOFD 
- sizing using sub harmonics 
- modelling.  

 
The more exact characterization of the defects gives information for discrimination of 
defects to volume or planar defects and allows for interpreting whether a signal is a 
false call or not. A typical method of using a diffraction technique for sizing purposes 
will be studied as well the specific TOFD inspection technique. The use of longitudinal 
waves improves the detectability of the tip diffraction signals as has been stated (Müller 
1999 and Erhard 2004). The sizing studies will be carried out in 2010 and 2011. The 
studies contain all the methods mentioned above and will be reported in 2012. By using 
the matrix phased array 3D defects detectability can be improved. Focusing is more 
efficient in the 3D way with a matrix phased array compared to a linear phased array. 
Figure 64 shows indications from notches behind the EB weld detected with a focused 
TRL matrix phased array (Transmitter-Receiver-Longitudinal, TRL) using a 50° angle 
of incidence. The thickness of the copper plate is 60 mm and the weld width is about 10 
mm. Figure 64 shows that even a 2.5 mm notch can be detected with 20 dB signal to 
noise ratio (SNR) (Figure 64). According to this, it can be assumed that even a 1 mm 
notch could be detected with sufficient SNR (6 dB) behind the weld.  

 

Figure 64. Indications from reference notches behind the weld using a matrix phased 
array. 
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Tip diffraction is the simplest method for accurate sizing and it can be applied to raw 
data images or to images using more sophisticated image processing like SAFT, 
Sampling phased array - SPA (Bulavinov 2005), or full matrix capture technique - FMC 
(Calmon et al. 2007, Poidevin et al. 2007). The tip information can also be improved 
using a specific method like subharmonics (Akino et al. 2003, Zagrai et al. 2003 and 
Yamanaka et al. 2004). The subharmonic signals can be better detected because of the 
edge of defect transforms sent acoustic wave signals from the ultrasonic probe and the 
content of the returning signals from the edge is pronounced with subharmonic content 
(f/2) - half of the original frequency. This can also be applied for tight planar defects as 
well as for crack type defects. Planar type defects can be a lack of fusion defects or 
semitransparent defects, such as the kissing bond defect.  

The principle of a sampling phased array is shown in Figure 65. It shows that by a 
transmission the transmitted signal from one single transmitter element can in reception 
be detected in each separate element, which improves the possibility of detecting a 
smaller signal and forming a very clear picture of the defects in the material. Even the 
defects near the surface can be better resolved than in conventional phased array 
inspection. One result from side drill measurements shows that near the surface the 
pseudo indication in conventional phased array visualization disappears using the 
sampling phased array (Figure 66). Posiva used a sampling phased array in the first trial 
together with Fraunhofer-IzfP for a copper specimen with a different grain size. The 
system set up is shown in Figure 67 with the results of smaller grain size material and 
larger grain size material. The effect of grain size is shown with a lower signal level of 
the reference defects resulting from a larger grain size seen on the right of the image in 
Figure 67.  

 

 
 
Figure 65. Principle of sampling phased array. 
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Figure 66. Comparison between conventional phased array and sampling phased 
array. 

 

 

Figure 67. Measurement set up with different grain size specimen using a sampling 
phased array. Ultrasonic measurements using 3D visualization is shown below. On the 
lower left is shown a copper specimen with a smaller grain size compared to the lower 
right. 
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Figure 68. Reference defect measurements (FBH) in copper using a full matrix capture 
technique.  
 
At the moment, the full matrix capture technique uses from all transmitter elements 
separately transmitted signals. They are received with all receiver elements separately, 
and this leads to a huge amount of data. Thus, it is possible to measure only locally 
using the FMC technique. Figure 68 shows measurements from the reference FBH 
defects in the EB copper weld. The sizes will become smaller using the FMC technique, 
but it is time consuming to apply. Some improvements can be possibly added to the 
software. The average size of defects approached about 2 mm smaller closer to the real 
defect size. The variation of defect sizes was from 3–4 mm and real sizes of 3 mm, and 
the raw data evaluation using the 6 dB method gave a result of about 5 mm.  
 

The sampling phased array technique and full matrix capture technique are both similar 
to the SAFT method. SAFT is one tool for improved understanding of detected 
ultrasonic signals. The imaging system applied to improve the reliability of the 
assessment is the use of back propagation of elastic waves in a synthetic aperture 
focusing technique (Doctor et al. 1995, Kröning & Schmitz 1997, Müller et al. 1985, 
Schmitz 1988, Osetrov 1995). The SAFT technique has been used for testing pipes, 
turbines, plates, vessels or pump housings of austenitic and ferritic materials. 

The features of a SAFT inspection system can be described in the following way: 
 

- The improvement of signal-to-noise ratio (SNR) is one of the main 
advantages, which is considered in the theoretical background of SAFT. 

- SAFT reconstruction is valid in the far field (Fraunhofer Region). 

- This technique is mainly used for single crystal probes but applications of 
tandem probes and TOFD have also been realized in various software. 
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- The main advantage of SAFT is that the focusing possibility, which is 
independent of the length of the sound path. This gives possibilities which 
are not yet fully applied; DDF (Dynamic Depth Focusing) in the phased 
array technique is approaching this idea. 

- SAFT reconstruction offers several tools for sizing using mainly crack tip 
detection, but not necessarily. More exact ultrasonic field visualization 
makes it easier to interpret the results. 

- After SAFT reconstruction, dynamic 3D sizing can improve crack detection, 
sizing and characterization capabilities in ultrasonic testing. 

- Modelling gives information for understanding measured patterns of many 
ultrasonic inspection tasks also in SAFT.  

The measured signal has back propagated into the material. Even though the image is 
better than the raw data, the calculated image can still contain, for instance, some 
artefacts which have to be recognized. In the SAFT measurements those artefacts can be 
seen, for instance, in turbine axel inspection near the surface. Similar artefacts can be 
seen, for instance, in the phased array field with strong focusing in the near area of the 
probe. The modelling gives the possibility of improving the SAFT algorithm to take 
into consideration the changes in the inspection area, such as the austenitic weld or 
changes in the grain size and anisotropy (Shlivinski et al. 2004). 

 

Figure 69. Principle of SAFT measurement. 

 

When mechanized ultrasonic inspection data is analyzed it can be analyzed 
conventionally using static A-scan, B-scan and C-scan images or dynamically letting 
the data run in different images depending on the moving probe position. Dynamic 
sizing can be carried out either with a phased array using angular scanning or with 
SAFT or acoustic holography. After reconstruction the sizing is carried out dynamically 
going through the inspected material layer by layer to find the limits of the defects, as in 
this case the depth and the length of the crack with the help of the SAFT reconstructed 
data. Dynamic sizing can also be carried out in mechanized ultrasonic raw data form as 
done according to Kenefick & Henry 2001. Dynamic B-scan, C-scan or D-scan 
evaluation methods will, in the future, be the main evaluation methods for defect 
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characterization. Crack tip indication is clearly seen at a depth of 9 mm, it starts to 
vanish at a depth of 10.4 mm. The dynamic evaluation is carried out visually looking 
from the indications above the noise level by going through different frames where the 
indication is detectable. The noise level can be changed during the evaluation, which 
gives valuable information to the analysis. This measured fatigue crack is in the ferritic 
specimen. The wall thickness of the material is about 40 mm. The measured crack is 
surface breaking. Dynamic sizing differs from the static because one can go forward and 
backward within the reconstructed data and confirm the indication. Of course, in this 
case it is also the main interest to choose the best possible probe configuration for the 
measurement. The same idea from the dynamic sound field is in phased array 
inspections but in the opposite order. The ultrasonic field is dynamic and moving. 
Indications are moving due to a variable sound field. This gives a better understanding 
of the nature of the defects. By moving the probe, the crack front starts to move 
according to the movement of the probe. This type of SAFT software was developed by 
Fraunhofer-IzfP (Schmitz & Chakhlov 2001). Dynamic evaluation has been used in the 
evaluation of the indication in Figure 70. 

 

 

Figure 70. Dynamic sizing using SAFT in different views (Pitkänen 2006). 
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SAFT has not yet been used so often with phased array equipment. In 2004, some sizing 
results were presented by using phased array raw data for SAFT reconstruction (Erhard 
et al. 2004). According to the measurements, the tip signals were located and 
constructed according to the example shown in Figure 71. In the experiments done by 
Erhard et al. 2004, it was shown that the tip was better detected with longitudinal waves 
than with shear waves. It was also demonstrated by Müller 1999. For the phased array 
application, the geometry of the PA probe must be known quite exactly as well as the 
movement on the surface. By changing the angles during the measurement the index 
point changes in the PA probe. For a good SAFT reconstruction it is necessary to have 
exact knowledge of the probe sound field characteristics at different angles. 

TOFD technique can be used for evaluation of indications and it may be a solution for 
the evaluation of specific and difficult defect orientations (Charlesworth, J.P. and 
Temple J. A., 2001). In TOFD technique transmitter and receiver probes are positioned 
on the different side of the defect as shown in Figure 72. One of the main design 
principles is to make the piezo element in the TOFD probe as small as possible in order 
to produce a sound field which opens very quickly. This is limited of course by the 
detectability of small signals in the piezo material of the probe. The TOFD technique 
can be applied using conventional TOFD probes or phased array probes. The inspection 
technique principle of copper EB weld is shown in Figure 72. 

 

  

Figure 71. Defect sizing with a phased array SAFT (Erhard 2004). 
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Figure 72. Principle of the TOFD technique for copper EB weld inspection. 

 
Also, modelling as the serving tool for evaluation help for complex indications can 
considered. Sometimes it is impossible to produce certain defects in the reference 
specimen which can be produced in manufacturing. By modelling it is possible to 
simulate defects in the right positions and sizing technique can be derived from the 
results of the modelling without having any real measurements. Normally this type of 
procedure needs a clear defect type, which can be modelled for simulation of the 
inspection. This type of defect can be detected in metallographic studies or the 
possibility for its occurrence in manufacturing is high enough, that is, it must be taken 
into account for the design of the inspection. 

 
 

4.4.12 Reporting of evaluation 
 

All detected defects will be reported according to Table 8. In the table the ultrasonic 
equipment set up for each ultrasonic technique and reference level originating from the 
reference defect (a flat bottom hole having diameter of 3 mm) will be indicated. Some 
measures from the weld will be reported in case it is possible, such as the penetration of 
the weld. The ultrasonic reporting will contain raw data files, evaluated detected 
indication images, defect tables of indications. The ultrasonic indication report prepared 
by a qualified ultrasonic inspector will be added to the reporting documents also 
containing evaluation of the estimation of the acceptance of the weld according to the 
results of the ultrasonic inspection. The values shown in Table 8 are from basic 
ultrasonic techniques used for EB weld inspection shown in Figure 53. 
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Table 8. Ultrasonic indication report. 
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5 COMBINING INDICATIONS - DEFECTS AND INSPECTION RESULTS 
 

Detection and evaluation of damage or defects in a copper canister is aimed at 
corrosion, not fatigue. The remaining wall thickness is the main base for acceptance of a 
canister. For long-term safety there are mainly three effects which can cause damage to 
the copper canister: residual stresses, creep behaviour of the material and corrosion or a 
combination of all three. Defects can occur either on the surface or in the volume of the 
canister. Even though the effect of surface defects for long-term safety and corrosion is 
more significant than the effect of internal defects, the effect is still minor compared to 
loadings based on fatigue. Detected defects in the same cross section will be summed up 
together in order to calculate the remaining wall thickness. A reason for combining 
defects is the inaccuracy (tolerance) of the NDT method, as shown in Figure 73. As a 
result of an evaluation of two indications in Figure 73, they will be combined into one 
indication: 

 

 

Figure 73. Combining defects using method uncertainty. 

 

In depth direction, which is the most important direction for the remaining wall 
thickness, the combining of defects determines the inaccuracy of the used NDT method 
in depth sizing. The final result for combining defects can be related to the specific 
defect analysis of the detected defect. In length direction the combining distance in 
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ASME XI varies depending on the defect type and position. The rule for combining in 
length direction can also be applied similarly. 

The evaluation for defect size for each different method will be, as explained already, a 
combination of different techniques. All results for each individual NDT method will be 
evaluated separately and afterwards positioned in a 3D real location. There will be 
acceptance criteria for single NDT methods and for combined results of several NDT 
methods. The individual indication results, such as defect locations, are compared and 
the final size of the defect will be determined according to the combined results of all 
NDT methods. The evaluation scheme is shown in Figure 74 as well as a preliminary 
visualization of defects in 3D form.  
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Figure 74. Combining of evaluation results and visualisation in 3D form.  
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6 DEFECT DETECTABILITY STUDY 
 
6.1 POD - Probability of detection 

Earlier studies of POD curves for the inspection of copper welds were reported in 
several reports (SKB 2006, Müller et al. 2006, 2007 and 2009, Pavlovic et al. 2008, 
Pitkänen et al, 2009b) The POD curve with the lower 95 % confidence band is a typical 
way to present the capability of the NDT system to detect a flaw (Berens 1989). These 
types of curves were applied for simple cases where it is assumed that the POD of the 
defect depends only on the defect size and no geometrical influence of the component is 
taken into account. In applications for a thick copper part of the canister, the POD of the 
defect is influenced by many parameters and, depending on the position within the 
inspection volume, the POD of the same defect will be different (Figure 75). The POD 
of combined methods was presented by (Pavlovic et al. 2009a, 2009b, 2009c). The 
preliminary result for the POD of radiographic testing was evaluated according to the 
reference specimen reported in (Pitkänen et al. 2007b). The results shown in Figure 76 
are calculated from the image made by a 9 MeV linear accelerator. The other PODs of 
different NDT methods are under study. They will be ready in 2010. The comparison to 
results from real defects will be accomplished in 2011. The study of C-scan POD was 
reported by Takashashi 2009. This type of POD analysis can possibly be of value for 
the evaluation of mechanized ultrasonic inspection when it is developed to take into 
account all relevant information used by ultrasonic analyzers, such as A-, B- and C-
scans. 
 

 
 
Figure 75. Principle of volumetric POD. 
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Figure 76. The preliminary POD for Posiva's EB welding using radiographic testing 
and ultrasonic testing for FBHs in front of the weld computed by BAM. 

 

6.2 Evaluation of inspection procedures - Human factor effect 

EB weld inspection methods are remotely controlled and mechanized inspection 
techniques. The selection of the measurement techniques, adjustment of the equipment, 
data acquisition and data evaluation are based on human decisions. These are influenced 
by the level of experience and qualifications as well as by organizational factors. A 
human decision is involved throughout the whole process.  

A mechanized inspection is a complicated process. All inspection procedures will be 
separated into different parts and checked for sources of errors, as in the technique 
called THERP (Technique for Human Error Rate prediction). For the purposes of 
understanding human factors, all four inspection methods have been analyzed, i.e. 
broken into specific tasks and subtasks, using a technique called Hierarchical Task 
Analysis (HTA). The data evaluation process was considered as the most affected by 
human factors and studied more carefully within the scope of the ongoing BAM-Posiva 
project. A group of experts, using a customized Failure Mode and Effects Analysis 
(FMEA) (Fahlbruch 2009), identified the critical errors, their causes and consequences 
and existing and possible preventive measures. Additionally, the risk priority was 
calculated for each critical task. This was done for all four techniques for the weld 
inspection, and for the UT phased array mechanized inspection of copper components 
and insert in cooperation with SKB. These studies will be finished by 2011. All 
inspection methods used for EB welding will be analyzed similarly in cooperation with 
BAM. These studies will be finished in 2011. This FMEA-methodology has been 
reported by Fahlbruch 2009. 

 
6.3 Verification of results 

In NDT inspections it is important to use metallographic studies when verifying and 
especially when applying typical defects coming from manufacturing or welding, in this 
case from copper EB welding. In Posiva's weld trial experiments 50 indication positions 
have been chosen for the metallographic study. For the study, each indication is 
positioned according to NDT results and the area around the indication will be cut from 
the copper weld with a typical dimension of 20x20x65 mm3. Each piece will be sliced at 
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depths of about 1.5 mm. Slicing will continue as long as the indication is present in the 
evaluated volume. The cutting procedure is shown in Figure 77. The slices will be 
ground and polished and after polishing photographed. The resolution of the image will 
be kept as good as possible and several images will be combined into a panorama 
picture. This panorama picture will be evaluated. As a result of the evaluation of 
defects, they have clear edges in 2D images. These 2D-evaluated image slices will be 
combined in a 3D image. The gained defect image will be inserted into the weld image 
drawing and the 3D defect will be later used as a basis of modelling for inspection 
techniques applying real defects  

The results of evaluated indications will be used for an NDT reliability study of each 
NDT method. The sizing capability will be studied as well as the detectability. No 
indication areas will be chosen for metallographic study in order to see if there are 
smaller�defects which are not detected using current inspection techniques. Most of this 
evaluation will be carried out in 2010 and finalized and reported in 2011. 

 
Figure 77. Metallographic studies of detected indications in XK030 EB weld. 
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7 REQUIREMENTS FOR QUALIFICATION 
 
The qualification according to ENIQ recommendations is divided into the following 
subareas:  
 

- input information 
- inspection procedure 
- technical justification based on the study of the inspection procedure  
- open and/or blind trials. 

 
The qualification body should accompany the qualification already from the beginning. 
The qualification body should comment on and check that the qualification test 
specimens for open and blind trials are valid for the qualification purposes. In the 
technical justification one important part is to study parameters, which are assumed to 
have an effect on the inspection performance. These parameters can be divided into two 
groups: essential and influential parameters (Figure 78) (ENIQ 1998).  

It is vitally important to define inspection objectives for qualification and the 
requirements for NDT techniques to be used. Such requirements are, for example, type 
and minimum size of defects to be detected and also the accuracy that is needed in the 
defect sizing. During the definition of inspection target values viewpoints of both 
structural integrity and inspection shall be taken into account. 

The volumes to be covered with inspection shall be defined according to the critical 
locations of defects. The defect nature may further steer the choice of areas that shall be 
covered by different methods and techniques. The smallest defect size of a certain 
defect type that has to be detected is defined using the term “detection target”. Usually 
structural analyses are applied to justify the choices made concerning the detection 
target. These analyses or other justifications shall be presented as reference material. 
The final definition of detection target shall also include the defect orientation (tilt and 
skew angles). 

Modern NDT methods also aim to size the detected defects. Therefore the input 
information should define the tolerances of defect length and height sizing techniques. 
Usually the defect positioning requirement is also given in the input information. 

There are many parameters which can potentially influence the outcome of an 
inspection. These are the influential parameters. The list of influential parameters to be 
considered will depend upon the specific inspection to be qualified. Influential 
parameters qualification, according to ENIQ recommendations for selected inspection 
technique, is configured for the verification of the applicability of methods in use. The 
influential parameters are an important part of the technical justification. Identifying the 
essential parameters for qualification is the main task for technical justification in order 
to control that they are included in the inspection procedure.  
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Figure 78. Parameters affecting inspection according to ENIQ (ENIQ 1998). 

 

The influential parameters for the NDT inspection system—for example, ultrasonic 
equipment, manipulators, equipment for data evaluation etc.—has to be determined in 
such a form that it is possible to make a qualified detection of all defects relevant for a 
quantitative POD after having changed the testing equipment or having changed 
parameters within an allowable range. The changed equipment or variation of 
parameters has to fulfil the same essential parameters and conditions as the equipment 
used for qualification.  

To improve NDT reliability is to find parameters which are essential and study their 
effect—for instance, on the POD and to find correspondence between parametric 
change within an allowable range. According to the author’s opinion, it is important to 
keep in mind two basic points: find a correlation to the POD of the technique used and 
reveal weak points in the inspection.  

The component parameters are as follows: geometry of the component, material of the 
component (oxygen-free copper, nodular cast iron insert), surface condition (machined 
with given surface roughness in specification, weld type (Friction steer welding and 
electron beam welding), weld crown configuration (weld is grinded), wall thickness 
(wall thicknesses are given in the drawings), diameter of the component (diameter and 
geometry of the component varies differently in SKB and in Posiva depending on the 
nuclear fuel disposal component). These parameters are specified in material 
specifications  

In qualifications the component type specific and postulated defect types originating 
from welding and handling before inspection should be taken into account. It needs be 
shown that they are detectable in the range given in the input data. In the qualification 
the inspector learns from the technical justification the reasons for choosing the 
technique used for the inspection procedure. The inspector’s experience together with 
knowledge from the origin of the manufacturing defects will improve NDT reliability in 
order to find all essential defects within the tolerance range of the input data. 
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The qualification process of the spent fuel canister inspections is still at an early stage. 
The development of the inspection techniques includes several tasks and phases. 
Preparation for the qualification of different NDT techniques is planned to start in 
connection with the inspection research and development work. ENIQ based 
qualifications has been described by Sarkimo and Pitkänen, 2009a. The preliminary 
planning for scheduling different inspection development phases linked with 
qualification process is presented in Figure 79. Important part of qualification are 
reference specimen, which has been reported 2009 (Paussu and Pitkänen). 

 
Figure 79. Overall view of preliminary planning of the inspection development and 
qualification tasks and their schedule in the case of spent fuel canisters.  
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8 RESULTS AND EXPERIENCES FROM WELD INSPECTIONS 
 

About 40 real size welds and several hundred plate welds have been inspected. 
Ultrasonic inspection studies of copper EB-weld were started already 1990's (Jeskanen 
et al., 1997, Jeskanen et al 2001). Posiva has started to also test some FS welds with 
ultrasonic and eddy current testing methods (Lahdenperä 2009). The inspection 
techniques have been developed for ultrasonic inspection from conventional probes to 
phased array probes (Lipponen and Pitkänen 2009a, 2009b, 2009c and 2009d, Pitkänen 
2009a, Sarkimo and Pitkänen 2009b). This is due to the fact the phased array probes 
give more possibilities to change and adjust the beam sound field to different 
requirements. This phased array technology is also itself going through a change from 
linear probes to matrix probes. Posiva will test in 2010 matrix probes for weld testing. 
The main interest is to improve the detectability of curved defects or defects in bad 
orientation to the linear phased array sound field. 

Statistically it seems that ultrasonic inspection finds defects similar to radiography, but 
in closer study of the indications it was found that the defect indications differ from 
positions. This is explainable due to the inspection limitations of both methods. The 
detectability of defects in radiographic testing has been reported 2009b (Sandlin). Eddy 
current testing improves the surface inspection as well as visual testing. Posiva is 
verifying now detectability also by metallography of the indications. Replica-method 
has been applied to characterize detected surface defects (Jäppinen 2009b).  

In studies it has been shown that defects have been found and the welds can be 
categorized according to quality, but some techniques need to be improved. Also, some 
welding parameters, such as the penetration of depth, can be shown by ultrasonic 
testing. Larger grain size in the tube makes it more difficult in some cases to distinguish 
the depth of penetration of the welding. It also seems that a combination of inspection 
results improves the quality of the inspection. This is under study and will be reported 
in 2012. 
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9 SUMMARY AND CONCLUSIONS 
 

In this report methods have been described which can be used for the inspection of 
copper welds. The welding methods have been presented in short. The main interest is 
in describing the defect types which might occur in this type of weld because it is the 
basis for designing inspection methods. Each defect type must be considered from the 
inspection point of view. This mainly means consideration of defect detectability, 
probing, choice of inspection technique and inspection pattern and also taking into 
account the material effects on the response of NDT method used.  

The main limitations for inspection methods have been described. Every inspection 
method has been described separately. The physical background for each method is 
shown and details are given for how they are used for copper weld inspection of a 
disposal canister. All the methods used are remotely controlled and are so-called 
mechanized inspection systems. 

The used, studied and developed inspection methods are remote visual testing, eddy 
current testing using multi-element sensors, high energy linear accelerator radiography 
inspection and phased array ultrasonic inspection. The copper base material as well as 
the weld itself set high requirements for inspection technology. The main aspect is the 
grain size variation in base material and especially the anisotropy of the copper EB 
weld. The copper FS weld has a much lower grain size when compared to the EB weld.  

The base system for remote visual inspection has been created and the preliminary 
inspection procedures are under study. The detectability of surface defects will be 
studied, taking into account inspection parameters such as inspection speed, focus 
distance and illumination. All of this study will be based on the possible defect types 
which are found in different welds and defects which can occur in these types of welds. 
Some welds has been measured and evaluated with this method. 

In eddy current testing methodology the inspection of surface and near-surface defects 
has been developed. The more accurate study of detectability and defect sizing is under 
development. The eddy current inspection is divided into two testing techniques: low 
frequency (200 Hz) and high frequency (30 kHz) inspection. In the evaluation of the 
indications, the high frequency technique is used to detect and evaluate the surface size 
for indications, and the low frequency technique will be used to evaluate the indication 
depth up to 10 mm, when it is a question of a surface breaking defect. This method has 
been used for inspections of more than 40 real size welds, totalling 120 m of weld. The 
evaluation of all this data is ongoing. 

In radiography testing the evaluation methodology was developed. A specific reference 
specimen was manufactured in order to evaluate in a short time defect detectability. The 
size of a volumetric defect is about 1 mm3. This was also found in POD estimation 
(Probability of detection). The detectability of thin planar defects in an X-ray beam is of 
course lower and in that case ultrasonic testing is used to overcome this limitation. The 
evaluation of data must be developed further in order to meet the requirements of the 
method for approval of inspection results. The detectability limit for diameter for deep 
penetrating defects exceeding through the whole weld is under study. This study will be 
ready in 2011. 
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Inspection techniques as well as evaluation methodology were developed for ultrasonic 
testing of copper welds. In the earlier phase 2 MHz and 5 MHz probes were used in 
inspections. To reach a compromise between detectability and sizing capability a 3.5 
MHz probe was chosen. Ultrasonic testing is based on phased array technology in order 
to have a flexible inspection technique which can be modified changing the inspection 
requirement easily. The base technique is divided at the moment by using three angles 
of incidence for inspection: 0� and ±20�. Data from different inspection angles will be 
evaluated separately and combined to create a final ultrasonic inspection result. In 
inspections detected indications are sized according to inspection procedures. Several 
reference specimens have been created for inspection, mainly for the use of linear 
phased array technology. First a matrix phased array probe was applied for plate EB 
weld inspection, with good results, and this approach will be studied for EB weld 
inspection of real components. The evaluation is at the moment based on the raw data 
analyses; further study in defect sizing will be carried out using SAFT or a similar 
approach such as Sampling Phased Array Technique or Full Matrix Capture Technique. 
Other basic ultrasonic defect evaluation techniques will also be studied. 

Each of the inspection methods will result in inspection records which will be the basis 
for combining the evaluated indications in order to receive the quality of the weld for 
total acceptance of the canister weld. The combination of the results provides tools for 
the better understanding of the total quality of the weld. It is also needed to understand 
the physical nature of each inspection method and their ability to indicate defects and 
size different types of defects in order to combine the results. 

NDT reliability is important for each of these testing methods. Reliability also means 
the ability to make inspections repeatedly with results which vary as little as possible. 
For this different items such as inspection procedures are needed, which are the basis 
for performing inspections in a similar way each time, and the annual checking of 
equipment and sensors. This is to ascertain the equipment’s ability to carry out the 
inspections. One of the main items is to study defect detectability, which provides the 
limit of method used to detect defects. For all of these four inspection methods, the 
POD curve will be produced. Preliminary curves are already made for radiography and 
ultrasonic testing. The study to produce POD curves for eddy current and visual testing 
will be ready in 2011, in cooperation with BAM. To verify NDT indications to real 
defects a study of 50 indications will be carried out using metallography. Verification of 
indications will also be partly done continuously by updating the defect catalogue of the 
weld. 

Qualifications of inspections will be based on a typical procedure in the nuclear 
industry. The basic qualifications of each inspector are based on EN 473 and the 
qualifications of the inspection target will be based on the recommendations given by 
ENIQ. Important for qualifications is to produce input information and the needed 
documents for qualifications such as inspection procedures and technical justifications 
and blind/open trials. This will be carried out according to Finnish practice for 
qualifications. 

The basic principles of inspecting the closure weld have been produced and the methods 
will be developed to meet the requirement of the inspection task and requirements for 
acceptance criteria of the canister. 
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