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Abstract. Since the early 1990’s, EDF has performed non-destructive examinations 
of the divider plate welds in many steam generators, more specifically those 
containing Inconel 600 alloy. The potential damage mechanism is Stress Corrosion 
Cracking, which has been known to affect Inconel components and welds, including 
a few specific divider plates, in Nuclear Power Plants (NPP) both in France (EDF) 
and abroad. The performances of the NDE technique used for defect sizing are 
especially critical in order to ensure the continuous safe operation of the reactor.  

The current ICAR3G manipulator and the associated NDE (automated PT, VT and 
TOFD) are operated by Westinghouse on behalf of EDF. They were formally 
qualified in 2010, according to the RSE-M code requirements. In 2012-2013, the 
latest update of the TOFD procedure aimed at performing the NDE even in a highly 
unfavorable divider plate configuration, i.e. with SCC cracks and significant surface 
roughness due to reactor loose part impact damage.  

This paper will summarize the development of the specific TOFD expertise 
procedure (technical justifications, simulations with CIVA software and tests on 
mock-ups), as well as the results of the subsequent In-Service Inspections (ISI) 
performed in two of EDF’s power plants. The results were very positive, allowing 
for a finer approach in the global maintenance strategy of the SCC-affected divider 
plates. 
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1. Component  

1.1 Description of the component 

The Steam Generator Divider Plate (SGDP) is part of a Pressurized Water Reactor (PWR) 
steam generator. 

 On the primary side of the steam generator, which we will describe below, the 
operating conditions are typically around 320°C temperature and 155 bar pressure. 

 The SGDP divides the bottom head cover of the steam generator into two halves. It’s 
made of Inconel™ (nickel-base) material. The EDF first generation steam generators in 
900 MWe power plants are usually made of Inconel™ 600 alloy and are approximately 34 
mm thick. 

 The SGDP is further divided into a large divider plate and a small divider stub (a 
short section of SGDP material welded to the tubesheet), which are then welded together 
(X-shaped chamfer) and ground flush (see Fig. 1).  

 
Fig. 1 : Component overview 

 In terms of manufacturing sequence, the weld between the SGDP and tubesheet is 
one of the last welds in this design. The partition plate stiffens the primary chamber 
(tubesheet and channel head) and, as a result, is subject to additional loadings which may 
result in residual stress in the welds. EDF studies [1] have shown that the level of residual 
stress in the adjacent base metal is especially important when the plate and the stub base 
materials have significantly different yield strength (∆Rp0,2). 
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1.2 Description of the defect – PWSCC crack 

Primary Water Stress Corrosion Cracking (PWSCC) was found in a few divider plates 
since the 1990’s., as well as in other Alloy 600 components, both in EDF equipment and 
that of other operators worldwide.  

 As a reminder, SCC is the growth of surface-breaking cracks in a corrosive 
environment. SCC is caused by the combined effects of: 

•  High local stress (in this case, caused by residual stress due to welding); 
•  The presence of aggressive fluid (in the case of PWSCC, primary water containing 

boric acid); 
•  A material structure susceptible to crack growth (which was especially the case with 

earlier generation 600 MA alloy material). 

 The surface-breaking defects found are generally located in the base metal of the 
divider plate stub, close to the weld. As the absence of any of the three factors above causes 
the interruption of the SCC phenomenon, in some cases the propagation of SCC cracks 
stopped as the crack tip reached the limits of a very superficial strain-hardened zone. 

 However, whenever significant cracking is found, follow-up NDT is performed 
every few fuel cycles to monitor crack growth until the Steam Generator is replaced.  

1.3 Impacted surface  

During plant operation, a small reactor loose part (such as baffle bolt fragments) may end 
up in the primary chamber of the SG, where the flow conditions result in extended 
impacting of the loose parts against the inner surfaces of the primary chamber including the 
tubesheet cladding and SGDP.  

 As an order of magnitude, instead of a normal roughness (flat surface with a surface 
roughness of Ra = 6,3 microns or less), the examined surfaces have been observed to have 
an indentation density of 1-10 dents/cm2 (see Fig. 2) resulting from the impacts, the depth 
of the indentations being on average a few hundreds microns.  

 
Fig. 2 : Example of an impacted SGDP surface 

 Whenever this happens in a SG where SCC has formerly been detected, it means 
that the NDT techniques normally used to detect and size of the SCC cracks must be 
adapted for application in less favorable conditions (high surface roughness).  

 This paper describes the investigations conducted by EDF and Westinghouse in 
2012-2013 to evaluate the performances of the TOFD depth-sizing technique (which is 
routinely used to inspect divider plates of EDF reactors), applied to the surfaces of 
impacted steam generators, and then confirmed these performances during field testing.  
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2. Description of the NDT technique  

2.1 General presentation ; the ICAR3G manipulator 

The ICAR 3G manipulator used by Westinghouse is a versatile device, used to perform all 
NDT techniques (PT, VT, pulse-echo UT and TOFD) without exposing NDT personnel to 
high radiation. It is also adaptable to several different types of steam generators.  

•  The first phase of the SGDP examination is an automated dye penetrant testing (PT). 
This technique is based on significant field experience (over 20 years) and is 
especially well suited for the detection of narrow surface-breaking defects [2]; 

•  It is followed by a high-resolution indirect visual testing (VT) phase, to distinguish 
between actual PWSCC cracks and irrelevant PT indications; 

•  The third and final examination is a depth-sizing phase by ultrasonic testing (UT), 
using various transducers; the most important of which are based on TOFD (Time of 
Flight Diffraction). 

2.2 TOFD technique 

The UT module of the manipulator is able to cover the SGDP weld area, using an X-Y table 
for the probe movement and a specific flexible probe holder. The transducers are also 
spring-loaded to ensure the coupling contact.  

 The calibration is performed before and after each examination on a test-block to 
check the settings and the UT performances (sensitivity and depth measurement accuracy) 
on surface-breaking notches. 

 Three sets of TOFD probes with increasing Probe Center Separation (PCS) are used 
in order to detect and measure the depth of the PWSCC cracks throughout the 34 mm 
thickness of the SGDP; if necessary, the examination is conducted from both sides of the 
plate, and horizontally along the whole weld axis (approximately 3 meters long), 

 Each set of probes has a complementary optimal performance range: “PCS09” 
probes between 2 and 4 mm depth; “PCS18” between 4 and 8 mm depth; “PCS30” between 
8 and 20 mm depth (see Fig. 3). However, operational experience shows that defects 
smaller or larger than these optimal ranges have been reliably detected and accurately sized 
[3]. 

 
Fig. 3 : TOFD probes range and depth repartition 
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 As a reminder (ISO 16828), the TOFD technique is based on the loss of lateral wave 
in the case of surface-breaking flaws. When the probes are moved vertically (i.e. “non-
parallel scanning” as seen in Fig. 4, as the SCC cracks are parallel to the horizontal weld 
axis), the lateral wave drops sharply in amplitude and disappears, while a diffraction arc 
appears, centered on the defect position. The depth of the flaw is calculated based on the 
difference in time of flight between the nominal lateral wave and the top of the diffraction 
arc.  

 
Fig. 4 : TOFD principles 

 The current TOFD examination procedure was formally qualified according to the 
RSE-M code in 2010; the target defect being a 2 mm deep SCC crack with a 5 mm 
diffracting edge. 

2.3 Adapting the technique to the specific component  

In two instances, PWSCC cracks were found on the hot-leg side of EDF PWR SGDPs and 
subsequently, these components experienced denting resulting from a loose part (§ 1.3).  

 The surface roughness had therefore become significantly higher than the expected 
Ra ≤ 6,3 micron, raising concerns with regard to the reliability of the TOFD technique 
during follow-up NDT e.g. poor coupling, possible mechanical blockage. 

 However, it is to be noted that no specific mechanical adaptation was planned at the 
beginning of the study. One of the objectives was to use the existing UT module and 
transducers, as well as the existing inspection procedure, and to assess their performances 
on the impacted SGDPs. 

3. Technical study 

3.1 Technical justification  

The first action was modeling the scanning surface using computer-assisted design (CAD). 
This was based on the actual high-resolution videos of both steam generators i.e. 
“panoramas” obtained during previous inspections.  
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The extracted pictures and panoramas gave the following input information: 

•  Size distribution (length, width, and depth estimation) and density of the impacts; 
•  Surface conditions (surface profile on top of the existing indications, along the 

vertical scan axis.  

 The denting density of the SGDPs was characterized by examining representative 
areas, typically divided into 50x50 mm squares. The size distribution was based only on 
dents with a minimal dimension greater than 2.5 mm (those dents would be expected to 
have a notable influence on the UT performance). 

3.2 CIVA modeling results  

CIVA UT version 10.1 was used, being a widely-used, flexible NDT modeling tool.  

 The first part of the study aimed at identifying worst-case configurations, in terms 
of relative positions of both TOFD probes, the defect and one or several dents. Obvious 
candidates were configurations where one or both probes were positioned upon a dent of 
significant length and depth (loss of amplitude and beam deviation due to poor coupling). 
The study was performed for PCS09 and PCS18 probes (nominal sizing range: 2 to 8 mm 
defect depth). 

 The indicators used to characterize the surface impacts were the width, the depth 
and the relative position to the probe exit points and the relative position with a flaw. 

 The following variations in UT signals were observed as a result of the effects of 
the surface denting: 

•  Tip diffraction : in the case of a defect, time of flight and amplitude variation; 
•  Lateral wave: without defect, time of flight and amplitude variation as seen in Fig. 5. 

 
Fig. 5 : CIVA simulation, PCS18 probe with three surface impacts 

 Note: the defects modeled with CIVA resulted in even greater penalties than the 
actual dents, because they were represented as 2D extruded profile (gutter shape) instead of 
a 3D (ellipsoidal shape), which causes greater UT beam perturbations. 
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 As expected, when at least one of the TOFD probes was positioned on a dent, the 
results were not as good as on the nominal unimpacted surface. On the other hand, dents 
alone located within the PCS had little effect on the TOFD results (no loss of lateral wave, 
only a little distortion, and no diffraction arc present). 

 In conclusion, the CIVA simulations allowed defining the worst-case configurations 
for each PCS, to be subsequently used during the trials on representative mockups. 

3.3 Practical trials on representative mockups  

Three mockups were built incorporating simulated surface denting due to loose part 
impacts; a range of denting densities was simulated. The mockup representing the 
intermediate denting condition is presented in Fig. 6. The denting densities of these 
mockups were representative of the denting density of the actual two steam generators that 
were scheduled for in-service inspections shortly after. 

 
Fig. 6 : Pictures of surface – “Intermediate” mockup design 
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In the three mockups, the worst-case profile configurations for each PCS were 
implemented, and in each mockup, the reference surface-breaking notches for PSC09 and 
PCS18 were superimposed on the selected profiles (see example in Fig. 7). 

 
Fig. 7 : Pictures of impacted surface (left),  

TOFD PCS18 experimental (middle) and CIVA simulation results (right) 

 The practical trials on the three representative mockups allowed confirming the 
following results: 

•  Excellent correlation between the CIVA simulation and the experimental results; 
•  Feasibility in terms of coupling criteria and exploitation of the UT TOFD signals; 
•  Detection of all notches by both PCS09 and PCS18 probes; 
•  Depth sizing of all notches with a small additional uncertainty; 
•  Reduced detection range in depth (no guarantee for depths < 2 mm with the PSC09 

probe and depths < 3 mm with the PCS18 probe), in order to avoid possible false 
calls caused by the presence of dents. 

 The technical justifications for the in-service inspection (ISI) were then updated: 
new values of essential parameters to be checked were added, and the depth sizing 
uncertainties were recalculated. An additional document to the ISI procedure, specific to 
the inspection of impacted surfaces, was also produced. 

4 In-service inspection results  

The TOFD examination was associated with pulse-echo technique (SW45 and CW45 - 
2 MHz probes, scanning from the opposite side in order to obtain a corner effect).  

 The pulse-echo technique has the advantage of coupling the probes on a smooth un-
impacted Inconel surface, but is not very favorable in all areas of the divider plate, as 
crossing a significant volume of filler metal (Inconel 152 or 182) may generate higher 
attenuation and UT structural noise.  

 

                        TM002                       Experimental results B-Scan CIVA simulation B-Scan  
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No notch 
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 The results of both techniques were used together in order to obtain an as accurate 
as possible image of the SCC cracks present in the divider plates of both plants.  

•  The results obtained by TOFD technique on the SCC cracks applied to the impacted 
surfaces were consistent with the TOFD results in nominal surface condition; 

•  No diffraction was found in the working depth range of both transducers (PCS09 and 
PCS18); 

•  No notable signal evolution was found during 3 successive ISIs of the same SGDP. 

5 Conclusion 

By this study, the goal to inspect the SGDP with adverse surface conditions was achieved 
by using the UT TOFD qualified technique with some precautions.  

 No major coupling issues were observed, even in some areas of the divider plates 
that were more heavily dented than the trial testblocks. Therefore, the technique is now 
extensively used for the ISI instead of the backup pulse-echo UT technique. 

 Sizing results and accuracy obtained after the SGDP surfaces were heavily dented 
were perfectly consistent with the TOFD results obtained before, well within the 
uncertainty margin of the TOFD technique in nominal condition.  
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