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ABSTRACT 
 
During the 2012 outage at Doel 3 Nuclear Power Plant, specific ultrasonic in-service inspections were 
performed to check for underclad cracking in the Reactor Pressure Vessel (RPV). No such flaws were 
found but a large number of nearly-laminar indications were detected, mainly in the lower and upper 
core shells. A second inspection was performed with ultrasonic probes able to inspect the whole 
thickness of the vessel and identified the same type of indications deeper in the material. A similar 
inspection performed in September at Tihange 2 Nuclear Power Plant showed similar indications but to 
a lesser extent. The observed indications could subsequently be attributed to hydrogen flaking induced 
during the component manufacturing process. 

As a consequence, both units stayed in cold shutdown pending the elaboration of an extensive 
safety case demonstrating that they can be operated safely. Among other measures, they were subjected 
to a pressure test monitored by acoustic emission, and to additional UT examinations aiming at 
verifying that no material condition modification was caused by the pressure test. 

The paper reviews the methods and results of the various examinations conducted on the Doel 3 
and Tihange 2 Reactor Pressure Vessels, from their manufacturing up to the latest outcomes. 
 
THE ACCIDENTAL DISCOVERY 
 
In July 2012, Unit 3 of Doel Nuclear Power Plant started its third 10 year outage. Doel 3 is a three-loop 
1000 MWe PWR of Framatome design, operated by Electrabel. It was constructed and is operated 
according to the ASME Code (1), transposed to the Belgian national context. 

The outage program included a regulatory inspection of the Reactor Pressure Vessel (RPV) and 
an additional examination of the RPV beltline region that was planned following the international 
experience return to verify the absence of manufacturing-induced underclad cracking. Ultrasonic 
Testing (UT) revealed no such underclad cracking but many unexpected echoes were observed by 
straight beam transducers (Fig. 1). 

 

Fig. 1 – Flaw indications observed by straight beam search unit in the RPV beltline region of Doel 3 

The UT indications morphology led to suspect some manufacturing-induced flaw type. As the 
underclad cracking inspection was restricted to the RPV beltline region over a maximum depth of 
25 mm from the ID surface, a decision was made to extend the inspection to the full thickness of all 
RPV forged components in order to fully document the extent of the flaws. 

As Unit 2 of Tihange NPP was constructed at the same period, by the same contractors and under 
the same orders as Doel 3, a similar examination of its RPV was also readily planned during its next 
refueling outage, i.e. in September 2012. 
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DOCUMENTING RPV CONDITION IN DOEL 3 AND TIHANGE 2  
 
UT equipment and method 
 
The equipment commonly used in Doel and Tihange for RPV inspection is the MIS-B developed by 
Intercontrôle (Fig. 2). It operates a number of independent tools that bear UT, ET and VT sensors 
dedicated to the various RPV zones subjected to in-service examination. The MIS-B equipment and the 
associated NDE methods have been qualified years ago, according to domestic rules. In order to 
characterize the laminar flaw population in all forgings, three tools were mobilized, addressing the 
cylindrical shells, the transition ring and the vessel flange. In parallel, the head flange was subjected to 
manual UT. 

 

Fig. 2 – The MIS-B equipment (left) 
and the tool implemented for RPV circular weld examination (right) 

The examination method relies on beam focusing. For each sound propagation orientation, the 
full wall thickness (200 mm) is covered by three transducers with overlapping depth ranges ; this 
allows minimizing the acoustic beam width variation through depth. Fig. 2 illustrates the cylindrical 
shell and flange examination tools. 

Experimental trials were carried out on site to determine the reporting threshold needed to 
document all significant indications. Based on the signal reflected by a 2 mm dia. hole side-drilled in 
an unclad calibration sample, a threshold of -12 dB was selected, except in the first 25 mm, where the 
threshold was lowered to -18 dB. 
 

Courtesy Intercontrôle 
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Inspection results 
 
Figure 3 displays the number of flaw indications observed in both core shells of Doel 3 and in the 
upper core shell of Tihange 2 ; all other RPV forgings appear to be free from significant degradation. 

 

Fig. 3 – Number of flaw indications reported in affected RPV components 
 

The laminar character of flaws was confirmed, with an off-axis orientation of up to 10° ; indeed, 
the detailed analysis of angle beam examination data associated to about 30% of the indications 
observed in Doel 3 and Tihange 2 revealed that angled insonification does not contribute effectively in 
the flaw detection and characterization capability. 

The flaws form a large cluster sinking with decreasing altitude. In all cases, the upper and lower 
edges of the shells are sound, which explains why weld in-service inspections never reported such 
indications. 

Most indications are located in the first half of the shell thickness, between 20 to 80 mm from the 
inner surface (Fig. 4). In Doel 3 however, some of them were found close to the 7 mm thick clad 
interface. The largest dimension of flaws is typically 5 to 15 mm ; larger sizes appear to result from 
unresolved flaw clusters. 

 

Fig. 4 – Distribution in depth of flaw indications 
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ELABORATION OF A SAFETY CASE 
 
The Licensee decided to keep both Doel 3 and Tihange 2 units in cold shutdown with the core 
unloaded, and initiated various analyses and a testing program supporting a Safety Case to be 
submitted to the Belgian Safety Authorities in support for a request to restart of operation. Extensive 
investigations addressed reviewing the construction files, material testing on sound and flawed steel 
specimens, validating the UT inspection capability and elaborating original tools to assess structural 
component integrity. 

Also, a thorough root cause analysis was conducted, which eventually confirmed hydrogen 
flaking as the most likely origin of the indications. Hydrogen flakes are crack-like laminar flaws 
(Fig. 5) that may occur during the manufacturing process, particularly in ghost lines, which feature the 
highest positive segregation coefficient. 

 

Fig. 5 – Macrograph of hydrogen flake 
 

Comparison of shop examination and in-service inspection results 
 
The review of the Doel 3 and Tihange 2 construction files could retrieve all manufacturing inspection 
reports requested by contractual provisions and by the applicable regulations, i.e. ASME Section III. 
None of those documents mentioned indications comparable to the 2012 in-service data, except an 
internal UT examination form, issued by the manufacturer, that was shortly after superseded by a blank 
official report countersigned by the customer. 

Knowing that the flaws were already present at that time, such observations questioned the 
absence of reporting during the fabrication process and, more essentially, the rightful acceptance of the 
RPV shells. Although it remains difficult to reach absolute certainty about what happened nearly 40 
years ago, significant insights could be gathered in spite of the impossibility to reproduce nowadays the 
shop examination of the actual shells. 

It should be first realized that the examination conditions differ greatly between 1975 and 2012 : 
shop inspection was conducted manually from the outer surface, with contact search units (B4S), and 
rejection criteria essentially based on back wall echo extinction, whereas in-service inspection is fully 
automated and insonifies the component from the inner surface, through the stainless steel clad layers ; 
in addition, the narrow beams generated by focusing probes enhance testing sensitivity, and the 
reporting level is fairly low. 

The experimental implementation, on a specimen affected by hydrogen flaking, of 3 
manufacturing UT procedures, including the one applied in 1975 on the Doel 3 and Tihange 2 shells, 
showed that the latter is quite sensitive in terms of flaw reporting, yet very tolerant regarding 
component rejection (2). 

Parallel UT modelling works lead to believe that the flaws were indeed detectable and reportable 
by the original shop inspections, but that the rejection threshold was most probably not reached (3) ; 
that conclusion was subsequently reinforced by another study (4). The reason why flaws were not 
reported at that time remains unclear. 
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Evaluation by Safety Authorities 
 
At the end of 2012, the Licensee submitted for each unit a Safety Case documenting the safe 
serviceability of the RPV (5, 6). After evaluation of the files, Safety Authorities concluded that some 
issues remained open, which however did not represent conditions requiring a definitive shutdown of 
the units, but that the Licensee still had to resolve ; some new requirements were prerequisites to the 
restart of both units, while others could be addressed during the next operating cycle (7). 

Several short-term actions were conducted to supplement the Safety Cases in the field of 
mechanical testing and UT validation (3). The program also included performing in each unit a load 
test, at a pressure slightly higher than the design pressure, and to be complemented by acoustic 
emission (AE) testing and UT to demonstrate that the RPV condition was not modified by the 
overpressure. 
 
RPV LOAD TEST INSPECTIONS 
 
In each unit, the load test was carried out for about 9 hours in total, at a maximum pressure of 175 bars 
and a minimum temperature of 117°C. No unexpected event occurred. 
 
Acoustic emission testing 
 
The test was performed during the whole load test, according to the AFIAP guidelines (8). Six sensors 
were positioned onto the RPV head, 6 on the inlet and outlet nozzles and 3 in the in-core 
instrumentation room (Fig. 6). The methodology classifies AE events into 3 categories, from I 
(insignificant signals) to III, which imposes further local inspection; events classified under II lead to 
recommend additional inspection. 

Care must be taken however in interpreting AE results, as test conditions departed from the ideal 
environment assumed by the AFIAP guidelines: the RPV was not isolated from the primary circuit, and 
operating conditions generated intensive acoustic activity, which precluded discriminating between 
categories I and II events. As no source was attributed to category III, the test eventually concluded in 
recommending a UT examination of one 60° sector of the RPV in Doel 3 and 2 sectors in Tihange 2. 

Noteworthy, the Doel 3 sector corresponds to the lower core shell part featuring the highest flaw 
density, whereas the Tihange 2 sectors appear randomly positioned with reference to UT indications. 

 

Fig. 6 – Disposition of AE sensors on the RPV 
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Ultrasonic examination 
 
UT was requested to compare flaw indications observed before and after the load test in both core 
shells of Doel 3 and in the upper core shell of Tihange 2, in order to demonstrate that pressure had no 
effect on material condition.  
Flaw evolution criteria 
The ASME Code applied in Belgium does not require comparing ultrasonic signatures recorded by 
successive examinations. Consequently, a decision was made to rely on comparison rules prescribed by 
French regulations : a no-growth diagnosis is reached if the following conditions are simultaneously 
met by any indication in successive examinations : 
1. the amplitude variation does not exceed 6 dB ; 
2. the variation of each dimension does not exceed 150% of the sound beam width (at the flaw 

indication depth). 
A linear model fitting accurately the beam profiles of the 3 0° transducers was devised to make 

easier and faster the comparison process (Fig. 7). 

 

Fig. 7 – Ultrasonic beam width models 

Doel 3 alternate pre-load test examination 
As the MIS-B equipment could not carry out both interventions without significant delay, the Licensee 
decided to entrust the Doel 3 examination to another experienced and recognized company, and 
requested firstly a pre-load test inspection to define a comparison baseline. Using standard immersed 
0° search units, about 30% of the flaw indications observed in 2012 could be detected, but repeated 
scans of a small area demonstrated that the evolution criteria could not be complied with, because 
resolution was penalized by too large values of acoustic beam width (Fig. 2) and scanning step. 

It was consequently decided to start with the load test and to wait then for the return of the MIS-
B. As already planned in Tihange 2, 2012 records were used as pre-load test data. 
Comparison to 2012 data 
Noteworthy raw data reproducibility was achieved in both spring 2013 interventions, which were 
carried out with the same method, equipment and settings as in 2012 (Fig. 8). 
All flaw indications of the Doel 3 core shells and of the Tihange 2 upper core shell could be compared 
between 2012 and 2013 according to the pre-set evolution criteria, leading to the amplitude and size 
distributions displayed in Fig. 9 and 10. 
Attempts to identify any correlation between the 3 sectors pinpointed by AE testing an UT data 
remained unsuccessful. 
Globally, the various NDE measurements conducted in the framework of the short-term action 
program showed conclusively that no modification had been induced by the load tests in the condition 
of both Reactor Pressure Vessels. 
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Fig. 8 – Superimposed data of 2012 and 2013 examinations in Tihange 2 

 

Fig. 9 – Distribution of amplitude variation 

 

 

Fig. 10 – Distribution of dimensional variation 
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FINAL SAFETY ASSESSMENT AND FURTHER ACTIONS 
 
The outcomes of all additional actions requested are documented in Addenda to the original Safety 
Cases (9, 10), which led Safety Authorities to consider that the short-term safety concerns raised in 
their first evaluation had been solved in a satisfactory manner, and that Doel 3 and Tihange 2 could 
consequently be restarted (11). Both units resumed operation early in June 2013. 

UT inspections contributed significantly in the outcome, by providing detailed, reliable and 
reproducible information on the flaw population. 

Mid-term actions still need to be fulfilled in the future: in the field of NDE, a specific 
qualification of the inspection system is in progress, and the core shells of Doel 3 and Tihange 2 will 
be subjected to the same examination after one cycle. In addition, identical inspections have been 
carried out on the RPV of Tihange Units 1 and 3 in April and September 2013 respectively, and have 
shown the absence of hydrogen flaking ; Doel Unit 4 RPV will be similarly examined in 2015. 
 
REFERENCES 
 
References 5, 6, 7, 9, 10 and 11 are publicly available on the Federal Agency for Nuclear Control 
website (www.fanc.fgov.be). 
1. ASME Boiler and Pressure Vessel Code, The American Society of Mechanical Engineers 
2. AREVA, private communication 
3. Moussebois D and Pasquier T, "Ultrasonic examination of hydrogen flaking in large forgings: 

from validation to site inspections", 10th Int. Conf. on NDE, Cannes, Eur. Comm. JRC, 2013 
4. Lareau J P and Bamford W, "A review of the shop inspections performed on US reactor vessels, 

and the potential for indications such as those found in the recent Doel 3/Tihange 2 inspections", 
WCAP-17786-NP Rev. 0, Westinghouse, 2013 

5. Safety case report: Doel 3 – Reactor Pressure Vessel Assessment ; Electrabel, 5/12/2012 
6. Safety case report: Tihange 2 – Reactor Pressure Vessel Assessment ; Electrabel, 5/12/2012 
7. Doel 3 and Tihange 2 reactor pressure vessels: provisional evaluation report ; FANC, 30/01/2013 
8. AFIAP, "Guide des bonnes pratiques pour le contrôle par émission acoustique des équipements 

sous pression, 2ème édition", Sadave, 2009 
9. Safety case report – Addendum: Tihange 2 – Reactor Pressure Vessel assessment ; Electrabel, 

15/04/2013 
10. Safety case report – Addendum: Doel 3 – Reactor Pressure Vessel assessment ; Electrabel, 

26/04/2013 
11. Doel 3 and Tihange 2 Reactor Pressure Vessels: Final evaluation report ; FANC, 17/05/2013 

709

http://www.fanc.fgov.be/

