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Abstract 
 

The Belgian Federal Agency for Nuclear Control (FANC) informed the public in August 2012 
about the finding of thousands of flaws in the core area of the reactor pressure vessel of the nuclear 
power plant Doel-3. This information also prompted activities in Germany. The relation to Germany 
was very close, since the ingots of the forged rings came from Germany. That is why questions have 
arisen concerning quality management during fabrication: heat treatment, pre-service inspection in 
general, and NDT methods in particular. The focus will be on the rules and standards at the time of 
fabrication in relation to the required NDT methods and their failure sensibility levels. In addition, 
NDT registration levels and documentation and acceptance criteria at that time are also of interest.  
In the German Nuclear Safety Standard KTA, it is required that the employed NDT method is based 
on the state-of-the-art of science and technology. After having obtained the knowledge of the flaw 
situation in Doel-3, the discussion regarding the inspection areas for in-service inspection of the 
reactor pressure vessel rose up in Germany: Is it still enough to examine only the welds, including the 
head affected zones, or is it necessary to examine the whole rings, i.e. including the base metal? This 
paper will try to give answers to these questions in the light of the standards used in Germany. In 
addition, the information and experiences gained from pre-service inspection as well as many in-
service inspections - which are required to be carried out every 4 to 5 years – will be described.  
 
Introduction 
 

The Belgian nuclear power plant (NPP) operator Electrabel shut down the 1006 MWe 
pressurized water reactor on 2nd June 2012 for a scheduled mandatory ten-year in-service inspection 
of the reactor pressure vessels (RPV) according to ASME XI. Since 1982, when Doel 3 started its 
operation, several in-service inspections have been performed on the RPV. During these inspections, 
the whole reactor pressure vessel was examined in addition to the regular requirements in the code. 
Following the rules of the ASME Code Section XI, volumetric in-service-inspections of the beltline 
area are limited to the circumferential welds and the heat affected zone. The reason for this change in 
the inspection procedure was a concern about under clad defects, which are normally generated during 
the welding process of the cladding (1-4), and were found in the beltline area of the nuclear power 
plant Tricastin in France (5). As explained in (6), no under clad defects were detected at Doel 3. 
Further, it is reported in (7) that 158 defect indications of an apparently different type were recorded 
on the basis of the criteria used for this UT-inspection optimized for under clad defect detection. These 
indications appear to be a quasi-laminar type of flaw, which means the flaws are more or less parallel 
to the inner/outer surface of the pressure vessel and not like under clad cracks perpendicular to the 
surface. The result of the first interpretation of the origin was that hydrogen flakes could have such 
measured specular reflectivity. With an optimized and qualified UT inspection system approximately 
7800 indications were detected in the core lower shell ring and approximately 900 indications in the 
upper core shell ring (7). Based on the pattern of the indications in relation to those known from other 
heavy forgings (8), and their number and position in relation to the original ingot, it can be assumed 
that the indications found are caused by hydrogen flaking (6). 
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The news about the high number of indications in the base metal of the core rings of Doel 3 

RPV raised questions in Germany regarding the inspection during manufacturing as well as during in-
service inspection. These questions are summarized as follows: 

Against the background of the defects found in Doel 3 and Thiange 2, do the inspections 
methods for the RPV employed in Germany reflect the state-of-the-art of science and technology? Are 
there additional inspection techniques necessary for the examination of the base metal of the RPV 
shell? 

Were the examinations, the quality control and the data documentation during fabrication of 
the RPV, especially after heat treatment steps, carried out in such a manner that defects of the type 
found in Doel 3 and Thiange 2 could have been detected? 

To answer those questions, the non-destructive testing techniques at the time of fabrication, in 
particular the ultrasonic techniques and the procedures (codes and specifications) should be known. 
Those must be compared to the ultrasonic techniques and codes now applicable. In the present paper, 
the NDT examinations as they have been carried out at the beginning of the 1970s in Germany will be 
compared to the examinations required in the ASME code. In a next step the methods used for the in-
service inspection 2012 in Doel 3 will be compared to the techniques used in Germany as required in 
the regulations of the Nuclear Safety Standards Commission (KTA).  

Finally, some information about mechanical tests during fabrication and the documentation of 
these results are described for a German nuclear power plant of generation II (9). In addition, some 
information on the pre-service inspection will complete the answering of the questions under bullet 
two. 
 
NDT Examination during Fabrication 
 

Since the time of fabrication of the reactor pressure vessel of Doel 3, there were many changes 
in the application of NDT methods due to the permanent development of NDT methods. But even 
then, depending on the codes used, differences occurred e.g. in the heat treatment, in the time of the 
inspection during the production process, and in the methods used for the inspection. In (8) the 
differences between the ASME code and the regulations employed in Germany at that time, especially 
the AVS 13 (10), are explained. In Fig. 1 these differences are printed. Obvious is that the inspection 
methods, i.e. the probe positions and the point in time of the inspection are not comparable. 

Fig. 1: Comparison of Incidence of UT Required by ASME and German Regulations (8) 
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The differences are clearly visible in the higher number of probe positions and beam incidence 

from each of the surfaces. Another significant difference is the application of the tandem technique for 
the detection of planar defects more or less perpendicularly oriented to the spherical surfaces of the 
forged components. The different steps in the machining of the inner diameter (ID) are controlled for 
each step by UT inspection (schematically printed by dotted lines). 

Not only the numbers of probe positions and the beam incidence are different, but also the 
recordable indications as well as the acceptance criteria of those indications. The task to compare the 
Siemens AVS 13 requirements with the ASME Code Section XI is a challenge due to the different 
history and inspection philosophy in the two countries. In detail the following differences were found 
between the inspection based on ASME and the requirements of AVS 13 (Table 1).  

 

Product Flanges and tube sheets 

Detectable sensitivity 
(defect size or equivalent 

diameter using 2 MHz 
ultrasound) 

 

0.5 mm at 200 mm 
0.8 mm at 400 mm 
1 mm at 800 mm 

 

 

Recordable 
indication 

 

 

ASME 

 Defect echo with ≥10% of adjacent back reflection 
 Continuous indication ≥ 2 twice the diameter of the transducer crystal 
 Planar indication ≥ 25 mm long 
 Travelling indication ≥ 5% of back reflection, 25 mm long  Cluster indications ≥5 in 50 mm cube 

 

AVS 
Thickness [mm] 15  30 30 60 60  120 120  250  250 

DGS [mm] 1.5 2 3 4 6 

 

 

Acceptance 
criteria 

 

ASME 

Indication which cause to complete loss of back reflection (Smaller than 5% of 
screen height) 

 

 

AVS 

 Defect with recordable  size + 18 dB 
 Defect with length  

½ wall thickness for "recordable size + 12 dB" 
wall thickness “recordable size + 6 dB” 

 No recordable indication in near surface (< 10mm  30 mm) 
Table 1: Detectability of defects and acceptance criteria by ultrasonic inspection of heavy forgings for 

NPP (8) 

This comparison is trying to concentrate on points where significant differences are noticed 
for flanges and tube sheets as shown in table 1. These components are of course not equal to the RPV 
shell but the values are representing the difference in the inspection procedures. The sensitivity of the 
ultrasonic technique for defect detection is independent of the code. Differences are in the recordable 
level, where the ASME code has recordable levels which include the material properties and the 
reflection behavior of the used calibration reflector. An example for a material property which 
influences the detectability is the noise, mostly produced due to the grain boundaries. Indications are 
documented as soon as the echo exceeds the noise by 10% (noise at the adjacent back reflection).  
In contrast to that, and typical for codes and standards in Germany, the AVS 13 applies the so called 
DGS method (Distance-Gain-Size). The DGS method is based on artificial reference “defect” which is 
a circular disc with a diameter depending on the wall thickness. For the wall thickness of the Doel 3 
RPV shell of 205 mm, a 4 mm diameter disc is recordable. But there is a difference between angle 
beam and straight beam incidence in such a way that for angle beam the recordable size is smaller than 
for straight beam: 3 mm for angle beam and 6 mm for straight beam. Acceptance levels are based on 
the reflected amplitude or the length extension and depend on the wall thickness. In the near surface 
area (<10 mm  30 mm) no indication is acceptable. In general, acceptance levels are always a 
combination of the defect size and length or size and accumulation. In relation to the defect 
characteristics found in Doel 3 and in Thiange 2 with an orientation more or less parallel to the 
cylindrical surface of the RPV shell ultrasound straight beam techniques are preferred.  
For this sound beam incidence and wall thicknesses between 150 mm – 300 mm the following levels  
are accepted according to AVS 13: 
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Table 2: Acceptance levels for wall thicknesses between 150 to 300 mm  
 

A further difference between the German specifications and the ASME requirements are the 
hardness measurements after quenching and tempering, which were not part of the ASME code 
requirements at that time. The numbers of samples for the mechanical tests are also not comparable. 
As noted in (12), only 2 samples from the top of the forging in 180° positions are tested in accordance 
to the ASME code valid at that time. In contrast to that, 6 samples i.e. 3 from the top and 3 from the 
bottom in 120° circumferential positions must be tested in accordance with the AVS 13.  

In the following, we will come back to the sensitivity of the ultrasonic system employed 
during Doel 3 RPV shell fabrication. In (11) the estimated defect sizes during the inspection in 2012 
are described. In Doel 3 average diameters of 10 - 14 mm were found by the inspection in 2012, while 
some indications have diameters of more than 20-25 mm. Tables 1 and 2 show the basis for the 
detectability required in 1978 (12). When comparing the detectable defect sizes of table 1 to the sizes 
found in Doel 3, no lack in the detectability is recognizable. From the ultrasonic system sensitivity, 
available from the start of the fabrication, the detection capability for the described defect was given. 
Moreover the potential presence of hydrogen flakes in steel ingots was known at that time. In (8, 13) 
such a kind of imperfections during solidification of large mass of steel is described. Furthermore, this 
phenomenon was well known in Germany and was analyzed in the so called Research Program 
Ccomponent Safety (FKS) in 1981 (14). During the ultrasonic inspection on RPV rings, after 
tempering (Fig. 2), indications were detected in the middle of the wall, to find out why the rings were 
rejected.  

Fig. 2: RDB flange ring (FKS KS02) for a 1300 MW PWR embedded in the MPA pressure vessel 

 

The result of the metallographic examination of the drill core #11 is pictured in Fig. 3. The macro 
crack is visible at the top of the Figure were as a detail of this crack is presented as section A. In 
addition to this section, another detail is shown in section B.  

 

 

Additional conditions 

Acceptance level 

Size Length 

 1000 mm2 or 15 mm disc diameter No extension 

 6.5 mm disc diameter 150 mm 

Welding area (100 mm above 
the end face) 

11 mm disc diameter (max. 6 per m2) No extension 

Near surface area (cylindrical 
surface) 

minimum distance of 30 mm from 
surface for indications 
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Fig. 3: RPV ring (FKS KS02) drill core #11, macro and micro cracks 

In addition to these micrographs made from the drill cores of the flange ring (FKS KS02), the 
mechanical properties were a main focus, especially when a RPV has such cracks. Is the toughness of 
such a RPV high enough to withstand the pressure under normal operational conditions of a nuclear 
power plant? To answer this question, two tensile test specimens were prepared from an ingot with 
cracks. The chemical composition and fabrication conditions for this ingot (melt KS07C) were 
modified to achieve low toughness and maximize the risk of hydrogen cracking. This way, the melt 
KS07C represents a “lower-bound” condition.  

Visual inspection and magnetic particle testing of the ingot showed macro and micro cracks. 
These cracks are also clearly recognizable at the tensile test specimens. The tensile test specimens had 
a diameter of 100 mm and were tested at temperatures of 90 °C and 280 °C. The tensile test specimens 
are shown in Fig. 4. The fractured surface of one of these specimens is pictured on the right side. The 
fissured fracture surface is a typical outcome when hydrogen flakes and oxides are present.  

Fig 4: Tensile test specimen in the frame of the FKS research program 
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The chemical composition of the melt KS02 (rejected RPV ring) is comparable to Doel 3 as 
shown in table 3. Only in the chromium content, there is a distinct difference.  

 

Table 3: Comparison of the chemical composites of the FKS specimen and RPV of Doel 3 

In summary, the results of the FKS program on those special specimens show that from the 
fracture mechanics point of view the components withstand the pressure under normal operating 
conditions even with the described defects. The result of standard tensile and notch impact test 
specimens taken from uncracked but segregated regions shows no significant difference compared 
with specimens taken from non‐segregated material 

The experiences collected by the fabrication of the FKS specimens showed that the quality of 
the melt for RPV is guaranteed if the specifications are fulfilled. These results were used as input for 
some codes in Germany. 
 
Pre-service and In-service Inspection 
 

Following the rules of the ASME Code Section XI, as well as German KTA 3201.4, 
volumetric in-service-inspections of the beltline area are normally limited to the circumferential welds 
(there are no axial welds in the Belgian RPVs and in German RPVs which are still in operation) and 
the surrounding heat affected zone and base material, within the limits set by the code. To compare 
both codes in relation to the pre- and in-service inspection is not easy. Therefore, the focus will be 
merely on the parts with significant differences.  

One of the important differences during the pre-service inspection by using NDT-techniques, 
also required for the in-service inspection, is the inspected area on the RPV. In Germany the scope of 
pre-service inspection covers the whole RPV. Exceptions are only permitted in the zones inaccessible 
for the sound beam due to the stud boreholes in the head and nozzle flange (15). For RPV of a 
pressurized water reactor (PWR) the exception areas are marked in Fig. 5. That is the first time where 
the sound propagation into the base metal is influenced by the stainless steel cladding if the inspection 
is carried out from the inside. During the inspection from the outside, the sound reflection at the inner 
surface is affected by the cladding.  

 
 

 

  C Si Mn P S Cr Mo Ni Al  Cu V Sn Co As 

KS02 
P
A 

0.21 0.20 0.95 0.007 0.007 0.51 0.57 1.30 0.02 0.09 
<0.0

1 
0.007 0.014 0.025 

Doel 
P
A 

0.22 0.26 1.25 0.009 0.009 0.08 0.48 0.72 0.011 0.04 0.01 - 0.013  

 

Fig. 5: Pre-service inspection of the RPV of a PWR type nuclear power plant 
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The inspection in general can be carried out from the outer surface as well as from the inner surface. If 
the inspection is carried out from only one surface, it must be guaranteed that the inspection from the 
complimentary side is exactly comparable. The sensitivity of the ultrasonic system is in accordance 
with the sensitivity employed for the in-service inspection. In accordance with the Nuclear Safety 
Standard for in-service-inspection, KTA rule 3201.4, the pre-service inspection must be carried out on 
all the areas required for the in-service inspection. In addition to those areas, it must be guaranteed that 
all base metal areas are inspected too. The results of the UT-examination of the welds and surrounding 
heat affected zones are the basis for the following periodic in-service inspections. If some defects or 
imperfections generated during the production are in the base metal and are not detected during the 
quality control in the frame of the fabrication, they will most likely be detected during the pre-service 
inspection, because of the smaller recordable defect size, and additional techniques applied (tandem 
technique). Indeed, the sensitivity setting of the ultrasonic system required by the Nuclear Safety 
Standard is sufficient to find defects with extensions found in Doel 3 and Thiange 2. Therefore, it can 
be assumed that the nuclear power plants in Germany which are still in operation do not contain such 
imperfections.  

The periodic in-service inspections in Germany, which are conducted every 4 years for older 
plants and every 5 years for the newer plants, the so called convoy plants, are carried out according to 
the KTA 3201.4. For PWR type reactors the RPV inspections are carried out from the inside, for BWR 
types they are done from the outside, while a mechanized ultrasonic system is employed for both. The 
in-service inspection has to cover all welds, the nozzle inner radii, the control rod ligaments at the 
head (PWR) or the bottom (BWR). Further tested areas are the studs, nuts and threaded stud boreholes 
(Fig. 6). 

 

The scope of German in-service inspection requirements is comparable to that of ASME Sect. 
XI, except for the inspection of the control rod ligaments. The in-service inspection techniques must 
comply with the KTA rule 3201.4. The reference for the sensitivity of the ultrasonic volumetric 
examination with pulse-echo techniques using a single ultrasonic probe is a 3 mm flat bottom hole. 
Surface inspection on the RPV is carried out using a 3 mm deep and 20 mm long notch for the 
sensitivity setting. These techniques are comparable to those used in accordance with the ASME Sect. 
XI, except for the calibration reflectors which are used for the sensitivity setting of the ultrasonic 
system. For the volume inspection the ASME code requires side drilled holes. The difference in the 
reflectivity between side drilled holes and flat bottom holes can be calculated using a well-known, 
simple formula: 

 

 

Fig. 6: In-service inspection of a RPV (PWR type) according the KTA rule 
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pathdrilledsidebottomflat
sdd  

2
  

where:  dflat-bottom, diameter of the flat bottom hole 

   Dside-drilled, diameter of the side drilled hole  

, wavelength 

Spath, sound path 

The biggest difference in the German inspection philosophy compared to the ASME code is 
the application of the tandem technique or mode conversion techniques. These methods, required for 
wall thicknesses up to 100 mm, are sensitive for planar defects oriented approximately perpendicular 
to the inner or outer surface.  

For a validation and confirmation of the pre-service inspections in the German plants, a 
mechanized ultrasonic examination of the base metal in a circumferential segment of 30° using a 
sensitivity setting according to AVS 13 was carried out in one plant. The result of this additional 
inspection can be summarized as follows: There was no indication detected in the selected area of the 
base metal of the RPV. This result was a confirmation of the production quality at the time of the 
fabrication of the RPV. 
 
Conclusions 
 

The results of the Research Program Component Safety (FKS) confirm that the specifications 
for the melting of RPV were suitable to ensure good quality. Furthermore the rupture stress related to 
the nominal cross section of the big tensile test specimen including macro and micro cracks are in the 
range of the rupture stress measured on flawless tensile specimens. Moreover, the experiences made in 
the FKS program served as a basis for the preparation of the German KTA rules.  

Based on the information about the defect situation of Doel 2 and Thiange 2, the assessment of 
the detectability of the defects in these two plants in comparison to German nuclear plants (only the 
plants which are still in operation for the time being) was carried out. According to the specification 
AVS 13 valid for ultrasonic testing during the fabrication of the RPV rings, and the results of the pre-
service inspection, it can be assumed that agglomerations of defects with orientations and sizes given 
for the Doel 3 defects were detectable using straight beam probes with radial incidence of the 
ultrasound. The examination of a selected area of the base metal at a RPV in a German nuclear power 
plant (PWR) in addition to the normal in-service inspection shows that the quality control during the 
fabrication was successful. No defect was detected in the inspected area. 
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