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Abstract 

Ontario Power Generation (OPG) has successfully combined the Full Matrix Capture (FMC) data acquisition 

technique with a proprietary version of the Total Focus Method (TFM) as an automated NDE analysis platform.  

The integrated system was initially developed to address the inspection of compound fitting joints for localized 

Flow Assisted Corrosion (FAC) damage.  The system has been successfully deployed on a number of inspection 

campaigns and has confirmed FAC damage in the weld region.  In addition to the FAC damage, minor 

volumetric discontinuities were also identified in the welds.  

It was apparent from the outset of the development the analysis technique could be extended to perform full 

volumetric inspection inclusive of crack detection.  The principal benefit of this approach is that two separate 

inspections, localized FAC and weld cracking, could be conducted simultaneously.  This strategy has the 

potential to significantly save critical inspection time while reducing radiation exposure to inspection personnel. 

This paper describes the extension of the current technology to the problem of crack detection.  Results are 

provided for both the controlled EDM notch series as well as implanted defects in fitting welds.  
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1.  Introduction 
Over the course of several decades of operation of CANDU reactors, OPG had discovered 

Flow Assisted Corrosion (FAC) as a degradation mechanism in Primary Heat Transport 

piping of its units.  It was also determined there were two aspects to the FAC damage, one of 

wide spread gradual thinning in the outlet feeder pipes, the other highly localized thinning 

associated with the weld root of fitting to fitting and fitting to Grayloc configurations, see 

Figure 1. 

 
Figure 1 Inspection zones on feeder pipes. 

 
Figure 2 FAC damage under welds in ex-service feeders. 

An inspection system was developed by the Inspection & Maintenance Services Division of 

OPG employing a combination of FMC data acquisition and TFM analysis for the 

examination of fitting-to-fitting welds at its CANDU stations, see References [1] and [2].  The 

purpose of the system is to examine the weld and material immediately adjacent for localized 

FAC associated with the weld root.  The system is capable of defining the exterior surface of 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
58

00



 
 

                           June 16 - 18, 2014 - Toronto, Ontario 
an arbitrary geometry and imaging the material volume beyond the surface (Figure 3), 

rendering both exterior and interior surfaces in true 3D, see Figure 4.  The system has been 

successfully deployed several times since its first use in 2010. 

 
Figure 3 Typical results obtained for cross section through weld. 

 
Figure 4 3D result for fitting to fitting 

weld. 

Results obtained from inspection campaigns have highlighted what are believed to be 

fabrication defects in the weld volume that are acceptable per ASME Section III rules see 

Figure 5.    The capability to identify isolated discontinuities was beyond the scope of the 

original tool design. Observation of these inclusions posed an interesting question of whether 

the system could be enhanced as to provide a more complete inspection solution. 

 
Figure 5 Weld inclusion identified in multiple adjacent frames. 

2. FMC data set 
The FMC data acquisition method has been described in References [4] and [5].  FMC is 

defined by the process in whereby one element in the array transmits and all elements receive, 

the next element transmits, again all elements receive.  The process continues until every 

element in the array has transmitted thus forming an N-by-N data structure of A scans where 

N is the number of elements in the array.  For the case of a 128 element linear array, up to 

16,384 A scans are acquired.  FMC is widely regarded as being the most complete data record 

possible for a given transducer placed at a specific orientation with respect to the inspection 
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volume.  However, it is also recognized the extent of the data record is achieved at the 

expense of both inspection speed and data file size. 

 

3. Total Focus Method 
 

A description of the TFM algorithm is well articulated in the work by Holmes et al see 

reference [3].  The efforts described herein are based upon this work.  The TFM beam former 

is implemented in the following manner.  The flight times from each element in the array to 

each point in the search grid are calculated and stored.  The flight time for a transmit-receive 

pair to a specific point determines the time index from which the signal value is retrieved 

from the A scan.  The signal value for the point in consideration is the sum of all pertinent 

transmit-receive pairs capable of interaction with the point.  The individual signal 

contributions will constructively interfere where a valid surface exists.  If no valid surface 

exists, the signals destructively interfere resulting in a low-level residual background.  An 

edge detector is applied to generate the coordinates of the exterior surface once the surface is 

imaged.  Note the TFM algorithm employs the analytic representation of the FMC time 

domain matrix to achieve effective cancellation. 

 

The interior volume of the inspection zone is imaged via the same strategy with the added 

complication of determining the correct flight time to the points of the search grid.  The 

appropriate path is determined by evaluating all flight paths through the interface, applying 

the Fermat principle to select the minimum flight time.  Once the interior surface is imaged, 

edge detection methods are again applied to define the coordinates of the interior surface.  

Outputs of the process are the image of the exterior surface, image of the interior volume 

including the interior surface, edge detected coordinates (profiles) of both exterior and interior 

surfaces. 

 

4. Code Development 
The OPG development team has taken a stepwise approach to the goal of imaging and 

identifying both mid wall and surface breaking discontinuities.  Given the evidence that mid 

wall discontinuities are currently being imaged, the team focused efforts to imaging interior 

surface breaking discontinuities.  The OPG version of the TFM algorithm described above 

was the appropriate starting point for developing an extension that would be able to image 

interior surface breaking discontinuities.  All work was performed using the Matlab 2012 

development environment.   

 
4.1 General Derivation  

Consider the configuration presented in Figure 6 where SE and SI represent the exterior and 

interior surfaces of an arbitrary geometry.  A linear array transducer is located above the 

inspection zone.  
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Figure 6 Path combinations involving single reflection from interior surface. 

With reference to the figure, the total flight time from transmitter i to receiver j involving a 

single reflection from the inside surface can be expressed as: 

 
Where: 

  is the velocity of sound in the coupling media (water) corrected for temperature variation, 

is the velocity of sound in carbon steel for mode m under consideration,  

B, E are points on surface SE, and C on surface SI. 

Note the case of a direct reflection from the subject point itself has already been addressed in 

the work performed to address the interior surface for the L-L wave mode.   The other 

combinations of L-S, S-L and S-S may be addressed separately.  

  

The case of a second reflection from the interior surface would add a 6
th

 component to the 

summation.  The segments  and  must be evaluated in L wave and S wave modes.  

Thus for tirj at point D, there will be a set of discrete contributions corresponding to the 

possible wave mode combinations such that   .   Possible combinations are listed in 

the following table: 
Table 1 Possible wave mode combinations for sound paths 

Leg Mode 

 L L L L S S S S 

 L S L S L S L S 

 L L S S L L S S 

 

The intensity value of the image at point D is expressed as: 
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where  is the intensity map value,  is the analytic waveform vectors for the set of 

 and  is the number of elements in the array.  The intensity is calculated for all defined 

search points bounded within the exterior and interior surface. 

 
4.2 Additional Considerations 

We must remain cognisant of the implications of the process upon the FMC dataset presented 

for analysis.  The process must be robust with respect to the characteristics of the dataset.  

These characteristics include; dynamic range, phase inversion and mode conversion 

phenomena, process error and conditional summation. 

The FMC dataset contains all possible signals; interface, interior reflection, diffraction, corner 

traps and mode conversions see Figure 7.   With respect to the interface, the interior reflection 

is typically -19 dB, corner trap signals are typically -32 dB and diffracted responses are 

typically -36 dB.  This dynamic range poses a challenge to effective summation.  Within the 

code developed, we have adopted a sequential strategy where once a surface has been imaged 

and identified, the signals associated with that surface are removed via autocorrelation and 

template subtraction.   The effects of signal suppression are presented in Figure 10, Figure 11 

and Figure 12.  This approach yields satisfactory results however may be revisited in future 

enhancement efforts. 

 
Figure 7 Signals of interest in a section the FMC main diagonal. 

Phase inversion phenomenon is invariably observed in the FMC dataset.  If phase inversion is 

not addressed prior to summation, the result will be attenuation of the artefact in the final 

intensity map.  Phase inversion is accommodated by tracking the number of reflections in a 
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path and inverting the analytic signal as appropriate; see Figure 8 and Figure 9.  Mode 

conversion on the other hand is problematic to address.  The use of multiple wave modes in 

the intensity map summation results in phase error.  The magnitude of the phase error is 

proportional to the ratio of transit time in the shear mode with respect to the overall transit 

time.  The phase error can result in blurring and attenuation of artefacts in the intensity map.  

Frequency domain techniques may be a means to address mode conversion however has not 

yet been investigated at this time. 

 
Figure 8 8 mm EDM notch without phase inversion 

compensation. 

 
Figure 9 8 mm EDM notch with phase inversion 

compensation. 

 

 
Figure 10 L-L wave, no suppression. 

 
Figure 11 L-L, L-L-L wave, no 

suppression 

 
Figure 12 All modes with signal 

suppression. 

Given the sequential method of determining the location of the interface, internal and 

discontinuity surfaces it is easily appreciated how the errors in one surface propagate when 

determining the next surface.  Tests of the algorithm demonstrate that errors in the interior 

surface location of 0.05 mm have a discernible effect on the formation of the discontinuity 

image.  With an error of 0.1 mm the image of the discontinuity is greatly attenuated.   A 

similar effect is observed with errors in the longitudinal and shear wave velocities.  Errors in 

the shear wave velocity as low as +/ 0.4% appreciably degrade the intensity map image.  The 

same effect was observed with errors in the longitudinal velocity of +/-0.3%.  It is anticipated 

other error sources such as couplant velocity and transducer delay variation will have a 

similar effect.  The magnitude of these error sources has not been measured. 
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The motivation for conditional summation is to account for the direction, with respect to the 

artefact, from which the intensity map is formed.  Consider a vertical planar discontinuity.  

Paths on the right side of the artefact will form an image to the left, conversely paths on the 

left form an image to the right.  As the width of the discontinuity increases, the individual 

images will merge and modulate each other, see Figure 13.  In the current version of the 

imaging code this problem has been addressed by forming the intensity maps independently.  

Where an image is formed at the same coordinates, a cross correlation is applied and the 

resultant image plotted see Figure 14 and Figure 15.  

 

 
Figure 13 Summation of array elements from left (lower), right (mid) with conditional summation (top).  Note the 

cancellation of the image at top. 
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Figure 14 Conditional summation of image contributions for 

1mm high EDM notch. 

 
Figure 15 Cross correlation of image contributions for 1mm 

high EDM notch. 

 

5. Results 
The results presented are the composite images for a step wedge with an angled entry surface.  

The 1 mm EDM notch has been imaged separately and merged with the existing image for the 

step block. 

 
Figure 16 Step wedge without notch image. 

 
Figure 17 Step wedge merged with 1mm EDM notch image. 

The code modification was tested on two separate weld samples.  The images for these 

samples have been formed based on coordinate matching rather than superimposing pixels.  

The results for the implanted flaws are presented in Figure 18 for the sample containing a 

crack superimposed over an excess root penetration geometry.  The crack is imaged however 

the excess penetration is only partially apparent. 

 
Figure 18 Crack and excess penetration at weld root 

 
Figure 19 Sketch of weld sample. 

The results for the second sample are found in Figure 20 and Figure 21.  The Heat Affected 

Zone (HAZ) crack has been successfully imaged in both frames.  
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Figure 20 HAZ crack identified adjacent weld. 

 
Figure 21 HAZ crack identified adjacent weld. 

 

6. Conclusions 
A novel method for imaging discontinuities in the volume of an inspection sample has been 

demonstrated.  The method is an extension of the TFM beam former developed by OPG for 

arbitrary geometries.  Several characteristics of the waveforms in the FMC dataset had to be 

addressed in order to yield robust performance.  The technique has been successfully applied 

to conventional geometries to image surface breaking defects as small as 1 mm vertical extent 

in flat and inclined surfaces.  The method has been applied to weld samples containing 

implanted weld discontinuities and has successfully imaged the defects.  Further work to 

refine the underlying techniques is recommended. 
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