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Abstract. Qualification of non-destructive examination (NDE) procedures for in-
service inspections (ISI) of nuclear power plant (NPP) components is performed
using different types of artificial defects. The assessment of the reliability of a
procedure requires representative defects compared to the real service-induced
defects.

Fatigue cracks can nowadays be produced artificially as thermal fatigue or
mechanical fatigue cracks. Mechanical fatigue crack production is well known and
widely used method and can produce very realistic cracks. Thermal fatigue crack
production is also very well controlled in matter of size and opening. Those kinds of
cracks are also very realistic option compared to the real service-induced cracks.
The aim of the study is to get a wider perspective to the differences in different sizes
and orientations of mechanical and thermal fatigue cracks.

Ultrasonic indications are highly dependent on defect characteristics like
roughness, crack opening, tilt and branching. This work studies the influence of
different reflector properties on defect indications. Five inside surface breaking
artificially produced fatigue cracks beside the weld root and one electric discharge
machining (EDM) reference notch were made in a piping test specimen simulating
PWR cooling line pipe (AISI 321). Defects were examined using phased array
ultrasonic testing (PAUT).

This study was made as a part of Finnish national research program on NPP
safety 2014-2018 (SAFIR2018), Non-destructive examination of NPP primary
circuit components and concrete infrastructure, WANDA project.

1. Introduction

The in-service inspection (ISI) is mostly performed in a short time period and the
accessibility is limited. The non-destructive examination (NDE) techniques are the main
tools to inspect the structural integrity of the primary circuit components in the nuclear
power plant (NPP). The development of the NDE techniques towards more reliable and
efficient ISI promotes the safety of NPP.

Artificial defects are typically used as a reference when the performance of an NDE
procedure is demonstrated. Because of the lack of real defects, artificial defects are needed
for certification and training of the inspectors. The NPP safety regulator guides (YVL)
emphasise that the description of defect indications exceeding the recording level shall be
given in the inspection report. This information includes definition of defect size, character,
location and orientation according to ASME Code, Section XI “Rules for in-service
inspection of nuclear power plant components” and their comparison with the acceptance
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level. This code imposes some rules on the applicable defect types and it is thus important
to verify the applicability of different available defects.

According to the previously performed studies in Finnish national research program
on NPP safety 2010-2014 (SAFIR2014) MAKOMON project on the artificial defects, the
ultrasonic response varies with the type of the defect and also with the technique used [1].
To be able to evaluate the severity of the detected defects, it is highly important to know the
exact type of the artificial defects in the reference samples and their correspondence to the
actual  defects.  The  use  of  artificial  defect  can  lead  to  an  error,  if  the  limitations  of  the
artificial defect (electric discharge machined (EDM) notch, thermal fatigue crack,
mechanical fatigue crack) used for the NDE procedure design or qualification compared to
ISI defects (e.g. stress corrosion crack) is not known.

This paper presents the overview of the results of the first part of the study of the
open piping test block conducted for mechanical fatigue cracks and an EDM notch before
the production of thermal fatigue cracks. The study will continue in the future with
examination of thermal fatigue cracks produced later in 2015 and comparison of the
ultrasonic examination results of these artificial defect types.

2. Description

The objective of this study was to evaluate the performance of several qualified phased
array ultrasonic testing (PAUT) techniques used for the inspection of austenitic NPP
cooling line pipes. Also the effect of different defect size on the examination results was
studied.

2.1 Piping test block

The component used in this study was austenitic piping component containing butt weld
with U-preparation. The component is similar one that is used for a pressurized water
reactor (PWR) cooling line piping system of an NPP. A photograph of the component is
seen in Figure 1.

Figure 1. Open piping test block.
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2.2 Defects

Five mechanical fatigue cracks of different sizes were implanted into the test block and the
circumferential butt joint was welded. One electric discharge machined (EDM) notch was
made for a reference. The location of the defects is in the heat affected zone (HAZ) along
the fusion line simulating stress corrosion cracks (SCC) which can occur during service life
of the component. The true state of the defects as reported by the manufacturer and the
design drawing of the component is shown in Table 1.

Table 1.The true state of the mechanical fatigue cracks and EDM notch of open piping test block on the left
and the piping test block and the locations of the artificial defects on the right.

Defect ID L
(mm)

H
(mm)

Skew
(°)

Tilt
(°)

1 13 2 0 0

2 25 4 0 +0

3 24 8 0 10

4 49 16 0 10

5 24 4 8 0

EDM 24 4 0 10

ID L = inside diameter length    H = height

3. Ultrasonic evaluation

Three qualified phased array ultrasonic testing procedures described in Table 2
based on the use of TR probes were used for the examinations. Procedure 1 uses linear scan
with fixed angle both with shear waves (SWs) and longitudinal waves (LWs). This
procedure utilizes a large aperture TR probe enabling the scanning of group of elements in
the probe’s longitudinal direction electronically thus minimizing the required mechanical
scan lines and still offering a high resolution in the index direction. Procedure 2 uses
sectorial scan both with SWs and LWs. This procedure utilizes 2D matrix array TR probe
enabling the use of skew angles in case of skewed defect. Small footprint probe enables
good access when the space is restricted. Procedure 3 uses sectorial scan with SW and
linear LW scan with mode conversion (MC) utilizing the inside surface (ID) creeping wave.
Small footprint TR probe enables good access. All the defects were examined from the near
side and the far side of the weld, directions 90 and 270, respectively.
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Table 2. Phased array focal law groups and frequencies used with each phased array procedure.

Procedure Technique Wave mode Focal law type Refracted angles Beam skew angles

1 (1.5 MHz)
TRL 1 LW Linear 45º, 60º, 70º 0º

TRS 1 SW Linear 45º, 60º 0º

2 (1.5 MHz)
TRL 2 LW Sectorial 40º–70º, resolution 1º -15º, 0º +15º

TRS 2 SW Sectorial 40º–70º, resolution 1º -15º, 0º +15º

3 (2.25 MHz)
TRS 3 SW Sectorial 40º–70º, resolution 1º 0º

MC LW Linear 65º (mode conversion) 0º

3.1 Defect sizing

Length sizing was performed with the full amplitude drop method. Height sizing was done
using the crack tip diffraction technique and when not applicable, on estimation with the 6
dB drop technique. For signal-to-noise ratio (SNR) evaluation the average noise level
around the defect indication was measured. SNR is the difference between the peak
amplitude response and this value. And furthermore the evaluation of sizing performance of
a technique is based on the measurement error, standard deviation and root mean squared
error (RMSE).

Summary of the ultrasonic measurement results can be seen in Table 3 and Table 4.
In some cases height sizing was not applicable (NA) with neither of the above mentioned
methods due to the high noise level in the surrounding area of the defect indications.

Table 3.Summary of ultrasonic inspection results of defects 1 to 3.

Insp
# Technique Direction Angle(s)

(°)
Wave
mode

Defect 1 Defect 2 Defect 3
L

(mm)
H

(mm)
SNR
(dB)

L
(mm)

H
(mm)

SNR
(dB)

L
(mm)

H
(mm)

SNR
(dB)

1 TRL 1 90 45 LW 28 4.5 8.9 33 5.2 11.5 35 7.3 10.5

2 TRL 1 90 60 LW 33 6 7.6 24 6.3 14.7 35 6.3 11.1

3 TRS 1 90 45 SW 16 3.9 12.6 35 3.9 12.3 30 7.4 12.4

4 TRS 1 90 60 SW 13 3.4 10.8 35 5.3 11.3 33 7.8 12.5

5 TRL 1 270 45 LW 22 2.8 8.3 28 3.1 9.3 15 4.2 9.5

6 TRL 1 270 60 LW 20 3.5 8.4 33 4.9 11 20 8.4 11.5

7 TRS 1 270 45 SW 12 NA 7.5 30 6 8.3 26 7 9.1

8 TRS 1 270 60 SW 22 4.4 8.3 29 7.6 7.5 16 7.6 10.1

9 TRS 3 90 40-70 SW 10 2.8 9.4 33 2.8 9.8 27 7 12.8

10 MC 90 65 LW 10 NA 15.3 34 NA 13.6 25 NA 14.3

11 TRS 3 270 40-70 SW 25 3.5 6.7 30 4.9 5 25 7.7 12.5

12 MC 270 65 LW 25 NA 7.8 29 NA 6.8 26 NA 7.8

13 TRL 2 90 40-70 LW 28 7.6 8.2 32 4.6 10 34 11 10.6

14 TRS 2 90 40-70 SW 18 5 16 30 5 12.6 32 11 11.3

15 TRL 2 270 40-70 LW 30 6 7.5 26 7 8.4 10 11 10.1

16 TRS 2 270 40-70 SW 27 6.4 6.2 25 6.4 3.5 19 10 13.8
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Table 4. Summary of ultrasonic inspection results of defects 4 to 5 and EDM notch.

Insp
# Technique Direction Angle(s)

(°)
Wave
mode

Defect 4 Defect 5 EDM notch
L

(mm)
H

(mm)
SNR
(dB)

L
(mm)

H
(mm)

SNR
(dB)

L
(mm)

H
(mm)

SNR
(dB)

1 TRL 1 90 45 LW 50 17.1 10.2 33 3.1 10.8 18 6.3 4.5

2 TRL 1 90 60 LW 48 13.3 9.5 35 5.6 6 23 4.2 4.9

3 TRS 1 90 45 SW 54 17.9 11.4 30 3.9 11.7 27 3.9 7.2

4 TRS 1 90 60 SW 58 19 10.3 24 7.2 6 26 2.8 5.2

5 TRL 1 270 45 LW 37 NA 10.2 53 NA 9.4 22 5.7 8.5

6 TRL 1 270 60 LW 48 NA 10.2 49 5 6.7 20 2.8 8.3

7 TRS 1 270 45 SW 44 18.5 8.7 36 2 6.5 16 3.5 8.6

8 TRS 1 270 60 SW 48 11.3 9.4 37 5 6.9 13 5.1 4.3

9 TRS 3 90 40-70 SW 50 21.7 10.7 31 4.2 11.6 28 6.3 12

10 MC 90 65 LW 50 NA 12.5 22 NA 10.5 26 NA 13.2

11 TRS 3 270 40-70 SW 45 16.1 10.5 33 4.2 8.4 15 3.5 11.6

12 MC 270 65 LW 44 NA 6.9 30 NA 8.2 22 NA 6.7

13 TRL 2 90 40-70 LW 51 20 9.4 30 5 6.8 22 6 4.8

14 TRS 2 90 40-70 SW 52 22 13.2 31 6 18.1 34 8.5 18.1

15 TRL 2 270 40-70 LW 43 21 8 16 NA 2.8 14 7 4.8

16 TRS 2 270 40-70 SW 45 16 10.9 10 3 5.9 22 4 7.4

3.2 Height sizing

Height sizing performance from near side was good with maximum RMSE of 3.2 mm with
sectorial scan LW procedure. Linear scan procedures with both LW and SW performed
better than sectorial scan procedures. SW techniques performed better than LW procedures
with linear scan procedures but no such difference between the wave modes was observed
with sectorial scan procedures.

With far side access, LW linear and SW sectorial scan procedures performed
equally well. LW sectorial procedure performance with RMSE of 3.7 mm was the lowest
and not fulfilling the ASME Section XI code requirement for RMSE of 3.2 mm for height
sizing. SW procedures with sectorial scan performed better with far side access than near
side access. Surprisingly the combined results showed even a slightly better result with far
side access than near side access.

When the performance of LW and SW procedures with near side access was
compared no difference can be observed. With far side access SW procedures performed
better than LW procedures.

At technique level, all qualified techniques performed well. It has to be noted that
TRL 2 and TRS 2 techniques are not qualified for height sizing. With near side access, TRL
1 and TRS 1 techniques with angle of 45 degrees performed best. With far side access, TRS
3 technique was outperforming.

Defect 4 seems to be the most challenging defect for height sizing both with near
and far side access with RMSE values over 3.2 mm.

The trend lines were calculated from the results and it was seen that defects are
mostly oversized and no clear difference between near and far side access was observed
when all data was combined. With far side access, number of measurements was slightly
smaller because not all techniques could height size defects from far side.

To take into account the possible occurrence of sudden crack growth during the ISI
period, also deep defects should be height sized reliably. Therefore one rather deep defect
(40 % of through-wall depth) was included in the test block. A typical refracted angle range
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of 30 to 70 degrees insonifies a pipe ID through the mid-wall area but does not focus well
on the outer approximately 20 % of the pipe thickness. As a result, the full extents of deep
defects (80 % or 90 % through-wall depth) are not captured and defects will be undersized
[2]. Figure 2 shows an example of height sizing of 40 % trough-wall deep defect which is
still reliably done with higher angles but rather near to its limits.

Figure 2. Defect 4 with TRS 2 technique at 40 - 70° SW from near side. Tip maximum at 62° angle.

Crack tip detection of small defects is challenging due to noise and also the high
wave length of smaller frequencies used in the inspection of austenitic welds. In case where
crack tip cannot be observed or isolated from the corner response, the 6 dB drop technique
is used for the evaluation of defect height. Figure 3 shows a comparison of height sizing of
a 4 mm high defect based on crack tip and on 6 dB drop. It can be clearly seen that the
variation in height values between these two methods is obvious.

Figure 3. Comparison of defect 5 height sizing with TRS 3 technique at 40 - 70° SW from near side with
crack tip and 6 dB drop techniques.

3.3 Length sizing

In  all  cases,  the  ASME  Section  XI  code  requirement  for  RMSE  of  19.1  mm  for  length
sizing was fulfilled. The length sizing performance of procedure types from near side was
good with maximum RMSE of 9.9 mm with linear LW techniques. SW procedures
performed better than LW procedures with both linear and sectorial scan. Mode conversion
technique performed best.

Length sizing performance of procedure types from far side was less good but
acceptable with maximum RMSE of 12.6 mm with linear LW procedures. Again SW
procedures performed better than LW techniques with both linear and sectorial scan and
mode conversion technique performed best.

At  technique level,  and TRS 1 technique with  angle  of  45°,  TRS 3 technique and
mode conversion technique performed best both with near and far side access.

Tip

6 dB drop height 2.7 mm,
error -1.3 mm

Tip height 5.1 mm, error +1.1 mm
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Defect 1 seems to be the most difficult defect for length sizing with near side access
and defect 5 with far side access.

The trend lines were calculated from the results and it was seen that defects were
mostly oversized with far side access and shorter defects were oversized and longer defects
undersized with far side access. LW techniques tended to oversize short defects and
undersize long defects with both near and far side access. SW techniques tended to oversize
defects with near side access, and oversize short defects and undersize long defects with far
side access.

Some artefacts possibly due to defect making procedure were observed. These
artefacts cause extra indications connected to the defect indication causing oversizing the
defect length. Figure 4 shows a comparison of defect 1 length sizing with full amplitude
drop and 6 dB drop technique. With latter technique the measured length of the actual
defect is nearer the correct value but also the amplitudes of the artefacts are over the noise
level thus requiring evaluation. This indicates that these kind of artificial defects are not
always fully representative compared to real defects and can cause deviation in the
evaluation of a procedure.

Figure 4. Defect 1 with TRL 2 technique at 40 - 70° LW from near side. Length sizing with full amplitude
drop on the left and with 6 dB drop on the right.

3.4 SNR and amplitude

As expected, the overall SNR was lower with far side access than with near side access.
However, there were some poor results with near side access as well as very good results
with far side access.

With near side access, with six techniques of eight, the EDM notch had the lowest
SNR with even four observations below the SNR of 6 dB which is often considered as the
limit of reliable detection.

TRS 1 45°, TRS 3, MC and TRS 2 techniques detected all defects with SNR higher
than 6 dB from near side. From far side techniques TRL 1 45°, TRL 1 60°, TRS 1 45° and
MC detected all defects with SNR higher than 6 dB. TRS 3 technique with near side access
and TRL 1 45°, TRS 1 45°, and MC techniques with far side access had the lowest
variation of SNR between defects.

SNR of Defect 3 was above 10 dB with all techniques from near side. Variation
between techniques was lowest with Defect 3 and Defect 4 and highest with Defect 5 and
EDM notch with near side access. With far side access variation between the techniques
was lowest with Defect 1.

In  far  side  inspection,  more  noise  was  observed  but  in  most  of  the  cases,  defects
were detected reliably. Figure 5 shows an example of far side examination of Defect 2 with
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SW inspection where strong geometrical indications from the weld root lower the SNR.
This is the highest disadvantage of the use of SW which, on the other hand, produces high
amplitude and is simpler to interpret. However, also LW techniques suffer from noise with
far side inspection. Indication from higher defect seen in Figure 6, Defect 3 with the same
technique and also far side access show a remarkably better SNR. Also the crack tip can be
isolated.

Figure 5. Defect 2 with TRS 2 technique at 40 - 70° SW from far side. Very low SNR.

Figure 6. Defect 3 with TRS 2 technique at 40 - 70° SW from far side. Good SNR.

With near side access, TRS 3 technique produced high amplitudes with small
variation. In most of the cases there is much variation between the amplitudes of different
techniques. EDM notch and Defect 5 had low amplitudes with high variation between the
techniques. With far side access, mode conversion, TRL 2 and TRS 2 techniques produced
the lowest amplitudes. Generally, amplitudes are higher with near side access but there are
also low amplitudes with near side access and high amplitudes with far side access.

The corner response of EDM notch has low amplitude with LW. However, in LW
inspections the mode converted signals are present and they can be used for confirmation.
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Figure 7 shows an example of EDM notch inspection with TRL 2 technique where mode
converted signal separates the defect indication from geometrical indications.

Figure 7. EDM notch with TRL 2 technique at 40 - 70° LW from far side can only be confirmed with the
mode converted signals.

There are some issues which may have affected to the relatively poor results of
EDM notch. A closer look at the weld root side shows that EDM notch is located relatively
close  to  the  weld  compared  to  defects  4  and  5.  There  is  also  a  local  geometrical
discontinuity next to the EDM notch, see Figure 8. Due to manufacturing technique, the
pipe contains also a longitudinal weld. EDM notch is located close to this weld where the
surface is very wavy which can cause the probe to be tilted. The adjacent scan lines are
scanned in opposite directions: the first scan line in positive direction and the second in
negative direction, etc. When scanning in negative direction, the EDM notch is located
right after the longitudinal weld so if possible probe tilt is not corrected immediately, it
affects to the coupling, thus result.

Figure 8. Photograph from the root side of the pipe showing the EDM notch, defect 5, defect 4 and the
longitudinal weld.

Good coupling is essential for the reliability and repeatability of inspections. In
some cases the variation in coupling may have caused some dilution of the results. Benefit
of large probe is the good coverage of single scan line thanks to the wide electronic linear
scan but at the same time those probes are more susceptible for loss of proper coupling.

mode converted signal

corner response of EDM
notch

EDM
Defect 5  Defect 4

Longitudinal weld
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4. Summary

This paper presents the results of the first part of the study of the open piping test block
conducted for mechanical fatigue cracks and an EDM notch before the production of
thermal fatigue cracks. The inspections were done with three qualified phased array
ultrasonic testing procedures using TR probes.

All the techniques fulfilled the ASME Section XI code requirement for RMSE of
19.1 mm for length sizing and all techniques except the sectorial TRL technique fulfilled
the code requirement for RMSE of 3.2 mm for height sizing both with near and far side
access. The largest defect No. 4 was less accurately height sized with an RMSE values over
3.2 mm. Shear wave techniques were generally performing well so the use of longitudinal
waves is not essential. When scanning is done through the weld both shear wave and
longitudinal wave techniques suffer from noise. If only far side access is provided, the use
of LW techniques might be required but it was observed that LW techniques were not
always performing well enough with small defects. Combination of sectorial scan using
SWs and mode conversion utilizing the inside surface creeping wave showed good
performance.

Good coupling is important for the reliability and repeatability of an inspection.
Large probe enables a good coverage for a single scan line thanks to the wide electronic
linear scan. However, smaller probes are less susceptible for loss of proper coupling thus
they are often preferable not only due to the better accessibility.
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