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Abstract 

 
The use of autogenous TIG welding techniques to assemble thin walled stainless steel components in nuclear 

applications generated the requirement for a high resolution, non-destructive evaluation method to detect defects 

that may originate with the welding process.  

 

EDF Energy has the requirement to detect and size lack of penetration type defects in thin-walled stainless steel 

components. A high frequency ultrasonic phased array inspection technique has been successfully applied to thin 

walled pipes and is currently used as an ENIQ qualified inspection practice on nuclear plant.  

  

This paper discusses the inspection method and the ENIQ qualification process undertaken to validate the 

inspection method. In addition this paper discusses the very high reliability and accurate defect sizing achieved.  
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1.  Introduction 
 

The component contains a number of welded load path joints. The majority of the joints 
within the stainless steel section are spigot welds, joining of thin tube section pipe to stainless 

steel cast rings, with the exception of a butt weld joining thin section pipe to thin section pipe.  

 

The welds are autogenous TIG welds. The procedure qualification discussed within this paper 
is for the detection and sizing of lack of weld fusion.  There is a potential for defects to be 

caused by welding arc deflection away from the fusion faces resulting in a lack of fusion. 

During manufacture the welding arc had a very small cross section and the arc had a tendency 

to be diverted by small changes in alloy content. This arc diversion could cause the weld pool 
to miss the weld fusion faces at the weld root. The resultant weld then can be subject to lack 

of fusion emanating from the weld root. 

 

Due to the weld design and the welding technique any lack of fusion is associated with 
compressive stresses. These compressive stresses allow ultrasonic energy to be partly 

transmitted, reducing the defect reflection and consequent defect detection capability.  

 

This paper discusses the inspection capability developed and the challenges involved in the 
ENIQ qualification of the inspection procedure.  

 

2.  Inspection Challenges and Chosen Inspection Technique 

 

An inspection was required to detect defects and provide a through wall defect sizing 

capability of 0.4mm with a two sided 98% confidence level in a stainless steel pipe weld with 

a wall thickness of approximately 3mm. There are 8 different pipe diameters from 150mm to 
230mm. Some of the welds are spigot welds and some are butt welds. The spigot welds only 

permit access to one side of the weld. Figure 1 illustrates the weld geometries.  
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As introduced the welds were potentially under compressive stress. To achieve the required 
defect sizing accuracy and to detect defects which were potentially under compressive stress a 

high frequency ultrasound technique was required. High frequency ultrasonic transducers 

require very good coupling with little attenuation and a minimal level of grain noise. Water 

was chosen as it is a good couplant with little attenuation. In the case of these welds there are 
two challenges. 

 

i) The material is stainless steel with the associated attenuation of 

austenitic grain structure. 
ii) The inspection was required to be in-situ in a nuclear environment 

where the volume of water is restricted and free water is not allowed.  

 

Figure 2 illustrates the inspection environment. 
 

 
 

 
 
 

 
 
 

 
 
 

 
Figure 1 Illustration of weld geometries, spigot weld and butt weld 

 
 

 
 
 

 
 
 

 

 

 
 
 

 
 
 

 
 
 

Figure 2 Photograph of the rehearsal environment created for the weld inspection trials and training 

 

From trials it was determined that the maximum frequency which could be used for the 

inspection without excessive attenuation within the weld is 15 MHz. In addition to good 
resolution the early studies concluded that an inspection frequency of 15 MHz could provide 

grain noise contrast. This grain noise contrast is shown in Figure 3. 

3mm Spigot 



 

 
 

Figure 3 Data from a good weld showing weld grain noise and weld pool shape 

 
Conventional ultrasonic wedges severely attenuate high frequency ultrasonic beams reducing 

resolution and so reduce the ability to detect defects, especially when under compressive stress. 

 
The technique is applied with the weld cap in place and in order to provide full inspection coverage 
the front of the probe is required to ride over part of the cap.  Although small, the undulations caused 
by the cap have an influence on ultrasonic coupling.  At 15 MHz coupling is very sensitive to surface 

condition thus providing a serious challenge to any amplitude based inspection technique.  The 

solution was to develop a maximum amplitude sizing technique.  The maximum amplitude method 

conventionally requires movement of the probe over the surface in order to generate a suitable echo 
dynamic signal, however such movement would in turn create unwanted variable coupling conditions, 
to eliminate these coupling variations a linear phased array technique was chosen.  A linear array 

technique can be used to create a focused beam that can be tracked across the weld without any 
physical probe movement in the axial direction. 
 

A time of flight diffraction (TOFD) technique was considered but the TOFD technique requires that 
the probes are positioned on each side of the weld.  This is not possible for the spigot welds, Figure 1, 
hence a pulse echo technique applied from one side of the weld was developed and applied to both 

configurations.   
 
By accurately controlling the timing of the linear phased array, beam forming and data plotting one 

can realise many of the accuracy advantages prevalent with a TOFD inspection.  This approach allows 
detection of defect edges by pulse echo but also allows suitably oriented facets on the face of any 
defect to be detected at relatively high amplitude. 

 
The instrumentation chosen has enabled a phased array inspection with a permanent record of the 

inspection.  The technique provides 360° coverage of the full volume of the pipe weld at half and full 
skip. The available space around the weld was limited and as introduced earlier the inspection is 
undertaken in a controlled nuclear environment with high dose rates. A photograph of the inspection 

environment is given in Figure 4. 
 
Conventional probe shoe materials are highly attenuative at 15 MHz. Attenuation in any probe shoe 

material lowers the effective frequency of the ultrasonic beam, thus reducing resolution.  The solution 
to this was to create a water wedge in the probe shoe.  Doosan Power Systems (DPS) designed and 

manufactured a water wedge with a flexible membrane, this is ultrasonically transparent at 15 MHz, 

Figure 5.  Note that in the particular inspection environment, free flowing water is forbidden, so 
preventing the potential option to use a jet probe.   
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Figure 4: Location of In-Situ Inspection. 

 
 
 

 
 
 

 
 
 

 
 

 

 
 

Figure 5: Linear phased array probe with water wedge 

 
A linear array design enables full coverage of the weld volume at half- and full-skip using a linear 
focal law to generate focused beam within the inspection volume from a single axial position. Figure 6 

shows the volume covered by the linear beam movement at half and full skip. The data is collected 

beyond full skip.  

 
Figure 6 Diagram of inspection coverage and relative position of linear phase array probe 
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The phased array probe and wedge shown in Figure 5 was designed and is applied to components that 
can be oriented with the pipe axis either vertical or horizontal.  The membrane provides the advantage 

of scanning over the weld cap whilst maintaining coupling and geometric stability of the data. To 
complete the inspection a specific manipulator was designed taking into account the environmental 
constraints.  A photograph of this manipulator together with the probe is shown in Figure 2. The 

manipulator was designed for access via the hand ports and to be assembled, aligned, scanned and 
disassembled rapidly within the glove box environment. 
 

In addition to a very sensitive inspection provided by the focused 15 MHz probe, the ultrasonic beam 
records a small amount of back scattered energy from the weld grain structure.  The back scattered 

energy from the weld clearly shows the weld pool shape. An example of the weld pool is given in 
Figure 3. This weld pool plot clearly shows when the weld is fully penetrated adding to the confidence 
that the weld is defect free. Similarly, the technique can reliably detect low amplitude signals from the 

inner surface of the pipe.  Any signals obtained from defect facets or buried edges can be compared in 
depth location with the back-wall signals.  This allows accurate measurement of defect height with 

many of the systematic variables inherent in through-wall sizing being eliminated. 

 
Figure 7 provides a typical B-scan of the data.  
 

In conclusion the inspection procedure has provided solutions to the following challenges. 
 
i) Very high defect detection capability using a 15MHz focused probe.  

ii) Reliable and accurate defect sizing due to a focused linear phased array scan. 
iii) Confirmation of a fully penetrated weld via weld grain structure plotting. 
iv) Consistent ultrasonic coupling without having a free water supply whist scanning in 

any orientation. 
v) Maintenance of high ultrasonic frequency due to the water wedge. 

vi) An accurate sizing technique that where the systematic errors normally associated 
with defect through-wall sizing have been largely eliminated. 

 

 

3.  Qualification Process 
 

3.1 Qualification Method 

 

As introduced the inspection was to be qualified using the ENIQ (European Network for 
Inspection Qualification) methodology.  The methodology demands that the required 

inspection capability is defined in advance and that a Technical Justification is written in 

order to demonstrate that the required inspection performance can be achieved. 

 
Whilst there are many aspects to inspection qualification many of which are generic to all 

ENIQ qualifications, this paper presents the items which are unique to this development. The 

following areas of qualification are presented. 
 

 Qualification requirements 

 Theoretical analysis of errors. 

 Physical trials 

 Qualification of inspection personnel 
 

Mathematical modelling is often required to provide evidence to support rigourous 
justifications.  In this case the defects are very small and potentially under compressive stress. 

The quantitative effect of compressive stress on the defect reflectivity is unknown and is 



likely to be difficult to establish.  For this reason it was considered that modelling could not 

be used as part of the technical justification and for this reason the technical justification 
relied almost entirely on blind trials supported by a theoretical analysis of errors. 
 

3.2  Qualification Requirements 
 

The inspection is required to measure the mean remaining ligament for a weld with an 
accuracy better than ±0.4mm with a two sided 98% confidence level.  This is a demanding 

target particularly as the inspection and sizing methods are novel with no relevant standards 

or published material from which to obtain evidence.  Further, as this is a nuclear application,  

it was recognised at the outset that any justification would have to be extremely robust. 
 

3.3  Theoretical Analysis of Errors 
 

A theoretical analysis of the errors associated with the inspection was performed.  This 

analysis provides an estimate of sizing accuracy obtained by combining the individual system 
errors.  The analysis examines all the input and system parameters. These can be considered 

as component parameters, defect parameters and inspection system parameters and procedure 

parameters. 
 

3.3.1  Component Parameters 

 

There are a number of component variables effecting the inspection. During manufacture the 
pipe ends are machined square then the pipe and casting are clamped together before welding. 

Any lack of fusion is orientated normal to the outside surface and aligned in the 

circumferential direction. The residual stress across the weld can vary. Compressive stress 

across a smooth defect reduces the amplitude of the signals. All the defects will be surface 
breaking originating at the weld root i.e. On the inner surface of the tube. The weld pool can 

be either side of any lack of fusion. The weld grain structure effects signal strength from any 

flaw. 
 

From this description it can be seen that the defect has few variables but reflectivity due to 

compressive stress is a variable that needs be addressed.  Indeed this aspect is addressed by 

the analysis process described in the inspection procedure. The inspection procedure measures 
any lack of fusion using the tip diffracted echo and comparing its position to that of the back-

wall surface echoes. The procedure does not rely on specific amplitude criteria but uses a high 

inspection sensitivity, sufficient to detect the defect tips under the expected compressive 
stress. 

 

There are other component variables that are of less significance e.g. Pipe diameter, wall 

thickness.  As the component thickness is always of the order of 3mm, and since defect height 
is measured relative to the back wall.  Any variations in thickness or diameter have little 

impact on the justification. 

 
 

3.3.2  Inspection Procedure Parameters 

 

The inspection procedure concentrates on defect position as illustrated in Figure 7. This is the 

measurement of the defect tip position measured relative to that of the weld root.  The error 

analysis determines the error associated with the relative measurements rather than the 
absolute measurement of the defect tip location.   



 

The procedure deployed a single beam angle with a linear scan and a constant focal line. The 
technical justification explains how the defect positioning accuracy was determined.  This 

takes account of parameters such as beam angle, shoe delay, defect location, display 

resolution etc.  The important error reduction characteristics of the procedure are : 

 

 relative measurement of the weld root to that of the defect tip position 

 use of electronic linear scanning with constant beam angle  

 constant coupling conditions (for a given axial location)  
 

This approach reduced positioning errors due to instrument timing errors, transducer delays, 

differences between nominal and actual beam angle (if any).  Phased array techniques control 
the beam position and shape with fundamental timing supplied by instrument clocks rather 

than physical probe movement. Analysis of the timing errors and the consequence of the 

timing errors were provided within the technical justification.  

 
The technical justification examined the method of calibration and the measures in the 

procedure to determine the variables such as beam angle, beam width and inspection 

sensitivity. 
 

Each variable within the procedure had an associated error.  The combined error in defect 

height due to the inspection technique was then evaluated.  It was determined that any defect 
should be measured to an accuracy of +/- 0.26mm.   

 

 
Figure 7 Plot of Real defect showing resolution of Defect Tip and Root 

 

These errors were then compared to that of the practical trial results, See section 3.2.  The 

comparison provided additional confidence that the measured errors were credible and could 

be technically justified. 
 
 

3.4  Practical Trials  
 

To provide evidence for the defect detection and sizing capability blind trials were undertaken 

on a series of real defects.  These were created by modifying the welding process to simulate 

and create welding defects.  Because the welds were formed realistically the size and location 

of defects within the welds was relatively random.  The random nature of the weld defects 
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ensured that the trials were truly “blind”.  The welding engineer who manufactured the welds 

could not predict the size of flaws or the quality of the welds. Inspection trials were 
undertaken and the results were reported.  After reporting the inspection results, the welds 

were destructively examined to determine the actual depth of the defects.   

 

As mentioned all the welds were about 3mm through wall but made in differing diameters of 
pipe, some being adjacent to spigots and some being butt welds. In total more than 100 

defective welds were ultrasonically and destructively examined. The variety of weld types 

examined were distributed amongst the various weld configurations.  It is unusual and very 

expensive to inspect and destructively examine such high numbers of welds.  As stated earlier 
there was no previous evidence of this type of inspection to aid the justification, this fact 

necessitated the high volume of practical trials.  

 

The destructive examination required the defect areas to be stage ground. At each stage the 
new surface was examined to detect any lack of penetration. The depth of this penetration was 

then measured by both travelling microscope and vernier. The grind outs were created with an 

axial circular disc providing a grind gradient at each grind position. Because the depth of 

penetration was relatively constant over a length of 15mm, a single point measurement could 
be taken at the point where the grindout crossed the lack of penetration. 

 

A graph of the trials results is presented in Figure 8.  This graph shows a comparison between 

the Phased array measurements (Y axis) and the “true” sizes of many defects, measured by 
Vernier (X axis).  Lines at 0, 1 and 2 standard deviations are drawn for comparison. 
 

The blind trials demonstrated a sizing capability better than 0.4mm with a confidence level 
exceeding 98%. The inspections undertaken during the trials detected all defects which had a 

though wall height greater than 0.5mm.  
 

Comparative study of Large Diameter Pipe to Spigot (W12) LOP results
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Figure 8 Correlation graph of ultrasonic inspection result versus destructive examination result for a single weld 

configuration. 
 



 

3.5  Training and Qualification of Inspection Personnel 
 

Qualification of inspection procedures to the ENIQ methodology requires that the procedure 

can be applied in a repeatable and reliable way.  As this procedure is very specialised and as 

standard ultrasonic phased array training does not include critical defect sizing, it was 
necessary to provide job specific training in the application. 

 
Training was provided to ensure correct and repeatable application of the acquisition and the data 
analysis procedures 
 

As a pre-requisite for the training the technicians were required to hold a level 2 ultrasonic 

phased array qualification. To test the technicians, defect sizing ability a multi stage 
examination process was devised and approved by EDF Energy. The examination included :  

 

 practical data collection on a mock up of the inspection environment, Figure 2.  

 A multi-choice examination based upon the inspection procedure and  
 a practical examination of defect sizing ability using recorded data.  

 

The recorded data had been collected during the blind trials of the inspection procedure and 

subsequently verified by destructive examination. The operators were provided with data 
from 5 welds where they measured the depth of penetration at 36 circumferential positions 

around each. These measurements were then compared to that of the lack of penetration 

determined from the grind out measurements.  
 

To provide a realistic examination assessment a novel marking scheme was devised. The 

marking scheme assessed the mean and standard deviation of the candidates sizing errors. If 
this was within the error bands accepted within the approved technical justification the 

candidate deemed to be qualified. 
 

3.6  Summary of Qualification Process 
 

1) The procedure was examined in order to identify the essential variables and the 

errors associated with each variable. 

2) Blind trials on over 100 welds containing real defects followed by destructive 

examination providing a practical measure of the capability of the procedure / 
operator combination. 

3) Further blind trial demonstration show that the technicians applying the inspection 

procedure are capable of achieving the reliability stated in the technical 

justification. 
 

4.  Conclusions 
 

1) A nuclear compatible phased array inspection system has been developed for 
inspection of thin-walled austenitic welds.  

2) A novel noise analysis approach can be used to quantify the degree of weld 

penetration and detection of offset welds. 

3) A phased array probe with flexible membrane coupling has been designed and 
successfully applied in a controlled nuclear plant application. 

4) A phased array inspection technique had been developed and qualified with a defect 

sizing capability of 0.2mm with a confidence level of better than 98%. 



5) The technical justification following the ENIQ methodology has been developed and 

its approval by EDF is anticipated in the spring of 2012. 
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