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1 Summary

The European approach to qualification of the NDT proposed for specific plant
inspections is in two parts. One of these involves practical trials of the NDT under
conditions as close as possible to the actual inspection. Test pieces replicating the
component in question are fabricated containing deliberately introduced defects. These
are then inspected using the methods, equipment and personnel proposed for the actual
inspection. A successful outcome to this part of the qualification can be highly
encouraging because it represents a practical trial of the entire inspection system
comprising personnel, equipment and test procedure under conditions resembling the
actual ones. However, it falls short of a convincing demonstration for a number of
reasons. First, there are many variables which can influence the outcome. These include
features of the component itself such as its geometry, dimensions and material. The defect
types which the inspection is designed to detect and sentence must be identified at the
start. Depending on the test method under investigation, defect parameters such as
position, orientation, roughness and size can be important. It is impossible to investigate
all possible permutations of these variables without producing an impracticably large
number of test pieces. The second problem with test piece trials is that the number of
defects needed to produce statistically significant conclusions is very large. It can be
shown, for example, that 59 defects out of 59 must be successfully detected in a trial to
demonstrate 95% confidence in 95% reliability. Moreover, these 59 defects must all be of
the same size, orientation, roughness and position so that variations in response in the
different trials are statistical rather than arising from systematic factors. Such a trial would
have to be repeated for the different permutations of the variables as discussed above to
provide a complete practical demonstration.

The great difficulty of relying on test piece trials by themselves has led to a second part to
qualification in the European approach. This is called technical justification and
comprises an assembly of all the technical evidence that supports a particular inspection.
Its purpose is to complement the test pieces trial results by showing that equally good
results would have been obtained under all the circumstances that might be encountered in
practice. It starts with an analysis of all the variables that might be important in
influencing the outcome of the inspection. These include features of the component and
possible defects as discussed above, features of the inspection technique and of the
equipment to be used. The parameters which can influence the particular inspection under
investigation are identified and the technical justification will include the arguments that
justify the selection made. Once this has been done, the technical justification sets out the
evidence that the inspection is capable of meeting its objectives. These objectives relate to
the defects which must be detected and sentenced by the inspection. The values set for the
influential defect parameters determine the targets for the inspection and constitute a
defect specification. It is then necessary to show that the inspection as described by the
procedure is capable of meeting these targets. Physical reasoning is first used to explain
qualitatively how the different inspection parameters were chosen. Mathematical models
of the inspection, if available, can then be used to provide quantitative predictions of
defect response. For ultrasonic inspection of austenitic materials, models which predict
the path of rays through anisotropic materials may also be of value. If the test pieces used



do not replicate the actual component in all respects, it may be possible to use results from
parametric studies to indicate the influence of the variables not replicated by the test piece.
These might include surface finish or the presence of cladding. Other information that
might be used to support an inspection includes results of previous test piece trials or
qualifications. An analysis of essential variables for these other results will be necessary
to determine their relevance to the actual situation.

In addition to the function discussed above of justifying the actual inspection, technical
justifications can also be used for other purposes. If it is necessary to change the
equipment used for an inspection an analysis of the essential equipment variables can be
used to determine the parameter ranges over which a previous qualification will remain
valid. Substitutions can then be made and the technical justification can be used to justify
the change or indicate the extent of re-qualification that might be necessary.

A most important use for technical justifications is to design and justify the test pieces
used for practical trials in qualification. The technical justification can be used to identify
the defects within the defect specification which are the most difficult for the proposed
inspection to deal with for either detection or sentencing. It can then be argued that, if the
inspection has the necessary capability for these defects, it will also have it for the
remaining defects in the specification. A similar role can be played regarding the weld
structure in the case of ultrasonic inspection of austenitic welds. The technical
justification can be used to determine the most difficult structure possible given the
welding procedure and materials used and this can then be used in for the test pieces. Use
of the technical justification as discussed above ensures that the test piece trials are as
effective as possible in demonstrating the capability of a given inspection. In the context
of test pieces, the technical justification can also be used to justify the way the test pieces
are fabricated. Defects are usually inserted by artificial means and it is necessary to show
that the response of such defects to the inspection method in question is comparable to the
real defects. A similar requirement exists as discussed above for austenitic welds where it
is necessary to show that the structure of the test pieces is at least as difficult as that of the
real welds. Finally, it is often necessary to carry out qualifications on a range of
components with similar, but not identical, geometry. In this situation, the technical
justification can be used to justify test pieces which are not identical replicas of every
component and so permit qualification of a range of geometries with a limited number of
test pieces.

The use of technical justifications as discussed above imposes a requirement for access to
a wide body of information. In many cases this already exists and is readily available,
thereby permitting the production of effective technical justifications. However there are
other cases, notably but not exclusively related to austenitic materials, where the required
information either does not exist or is not readily accessible and the production of
technical justifications is inhibited as a result. Programmes of development work are
needed to remedy these problems so that inspection qualification can be fully effective in
all cases.



2 Introduction

A central feature of the European approach to inspection qualification (IQ) as defined in
the Common Position Document of the European Nuclear Regulators Working Group
(NRWG) and the ENIQ Methodology Document is the use of technical justifications
(TJ). This arises from the recognition that practical trials of an inspection can never, by
themselves, generate sufficient information to provide confidence in an inspection. This is
because of the many variables which can influence the outcome of the inspection and the
difficulty of including all these in the trials and also because an excessively large number
of defects are needed to demonstrate high levels of statistical confidence. Consequently,
practical trials must be complemented by other information to support the inspection.
Such information can take a variety of forms. Results from previous trials of similar
inspection techniques may be useful. Mathematical models can play a very important role
in qualification in a variety of ways and laboratory data may be available on the influence
of some of the variables thus eliminating the need to cover these in test piece trials. The
assembly of relevant information comprises the technical justification for the inspection.

A further point is that, if the practical trials are to be as effective as possible in playing
their part in the qualification process, it is advantageous to design the test pieces only
when the technical justification has identified the defects of greatest concern for inspection
performance from amongst those in the defect specification.

The central role of technical justifications in the European approach to inspection
qualification has raised concerns that information which is vital to their production may
not currently be available. This report has been prepared in response to these concerns
under contract from SKi, the Swedish Nuclear Power Inspectorate. Section 3 defines
technical justifications and describes the range of roles that they can play in inspection
qualification. The typical structure of technical justifications is described, and the key
input information, the essential variables, is defined. The subsequent sections of the report
then discuss the extent to which the information is currently available. Where information
is currently lacking, the work needed to remedy the deficiency is also discussed.

The initial requirement for both the design of the inspection itself and then its qualification
is a definition of the defects which must be found and assessed. This issue is discussed in
Section 4 which contains a review of the requirements for information about the defects
which the inspection is intended to detect and assess, and the extent to which this is
usually available. Section 5 describes the other information which is needed as an input to
allow qualification to be developed in a way which is compatible with the requirements of
a particular problem.

A key feature of most technical justifications is the use of mathematical models of the
inspection as mentioned above. These can play a variety of roles as discussed in Section 3
and some examples of available UT models, their scope and the extent to which they have
been validated is included in Section 6; this also includes a discussion of the need for
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further development of models. Section 7 discusses the use of parametric information
gleaned from laboratory work as a way of avoiding the need for inclusion of such
parameters in trials. Section 8 then discusses the use of data arising from other test piece
trials carried out previously to support an inspection.

Section 9 reviews the design of test pieces used for test piece trials. As mentioned above
and explained in more detail in Section 3, technical justifications can have a vital role to
play in the design of test pieces to ensure that both the metallurgical structure and the
defects contained are realistic. The intent may be to include the most difficult defects to
detect and assess from those in the defect specification. In the case of austenitic materials,
it may also be desired to ensure that the metallurgical structure is as difficult as any that
might be produced by the particular fabrication procedure. These are issues which must
be addressed by the technical justification and the ability of current methods to provide the
required information is included in Section 9.

Section 10 contains the conclusions of the report and Section 11 gives a full list of the
recommendations for further work which have emerged from the analysis in the preceding
sections. Finally, Section 12 contains some pertinent references.

3 Technical Justifications

3.1 The Definition of Technical Justification

The NRWG Common Position Document defines technical justification as:
"The documented evidence supporting the capability assessment of all or some
part of the NDT system, and the documented evidence justifying the extent of
practical assessments, chosen defects or defect simulations and other qualification
test conditions."

In its second issue of the European Methodology for qualification of NDT (currently at
final draft status), ENIQ (ENIQ, 1995) provides an expanded definition:

"A collection of all the information which provides evidence about the reliability
of an NDT technique as applied to a specific component. The purpose of the
technical justification is:
1. to overcome the limitations of the limited number of test pieces that can be used

by citing all the evidence which supports an assessment of the capability of the
NDT system to perform to the required level and hence provide a better defined
confidence in the inspection

2. to complement and to generalise any practical trials results by demonstrating
that the results obtained on the specific defects in the test pieces would equally
well have been obtained for any other of the possible defects

3. to provide a technical basis for designing efficient test piece trials
4. to provide a technical basis for the selection of the essential parameters of the

NDT system and their valid range



It might include physical reasoning, mathematical modelling, results from RRT's
(Round Robin Trials), field NDT results or laboratory studies as appropriate."

Both NRWG and ENIQ refer to "NDT systems", which include all those elements
(equipment, software, procedures and personnel) that can influence the outcome and
quality of the inspection.

3.2 The Roles for Technical Justification

From these definitions, it can be seen that technical justification can be applied in three
ways for inspection qualification:

3.2.1 Technical justification of test pieces and defect populations

Here, the aim of the TJ is to demonstrate that test pieces used in the IQ process, and the
defects they contain, are realistic simulations of the actual plant that is to be inspected.
This type of TJ would concentrate mainly on the equivalency of the materials and
fabrication processes used, and the similarity between the test piece defects and those
defects which are to be detected and/or characterised by the inspection system. It is often
necessary to carry out qualifications on a range of components with similar, but not
identical, geometry. In this situation, this type of technical justification can be used to
justify test pieces which are not identical replicas of every component and so permit
qualification of a range of geometries with a limited number of test pieces.

3.2.2 Technical justification of inspection procedures

This is the most common form of TJ, and typically presents evidence from physical
reasoning, computer modelling and laboratory trials to support the procedure's ability to
fulfil the objectives of the inspection. Within the context of IQ, this type of TJ can also be
used to identify "worst case" defects which can then be included in test pieces in order to
provide the most stringent test of the procedure's capability during practical trials (note
that, depending upon the way IQ is organised, worst case defects can alternatively be
justified in the defects and test piece TJ described above). This form of TJ should also
clearly demonstrate how the basic qualifications of the inspection personnel are
supplemented by experience and focused training, and identify how the practical trials will
complement these in order to fully demonstrate their competence in their specified roles.

3.2.3 Technical justification of inspection equipment

This TJ is complementary to that for the inspection procedure. It presents evidence from
design processes, functional testing and commissioning trials in order to demonstrate that
the inspection equipment, including manipulators, data acquisition systems and data



processing systems, is capable of fulfilling the requirements specified in the inspection
procedure. If it is necessary to change the equipment used for an inspection an analysis of
the essential equipment variables can be used to determine the parameter ranges over
which a previous qualification will remain valid. Substitutions can then be made and this
form of technical justification can be used to justify the change or indicate the extent of re-
qualification that might be necessary.

3.3 Structure of Technical Justifications

It is possible to define a generic structure or outline for technical justifications which is
based on three distinct steps:
1. Identification of essential variables, which are defined by NRWG as: "all variables of

the NDT system, of the inspection condition, of the component, and of the defective
condition the NDT system is intended to detect and sentence, which can influence the
outcome and quality of the tests."

2. Selection and justification of the technical solution.
3. Justification of the extent of the practical trials.

This generic outline can then be applied to the three types of technical justification
described above.

3.3.1 Outline for the technical justification of defects and test pieces

The essential variables for this type of technical justification relate mainly to the nature of
the component to be inspected, its environment, and the defects which are to be detected
and sized. A more complete listing of typical essential variables is given in Section 3.4
below. Having identified the essential variables, the technical justification should then
describe how the test piece(s) and defect population(s) are designed to simulate the real
inspection situation, and justify their use in practical trials. A more detailed review of the
input information and other supporting evidence for this type of technical justification is
presented in Sections 4, 5 and 9. A simplified outline for technical justifications of defects
and test pieces is shown in figure 1.
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Essential
Variables

Select the
technical solution

Justify the test
pieces for the
Practical Trials

•Component geometry, materials,
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'.morphologies, etc.

'.Scope of test piece, geometry,
•^materials, fabrication, simulated
•defects, etc.

; 'Realism', access
'•arrangements, human
'.factors, etc.

Figure 1: Outline for technical justification of defects and test pieces

3.3.2 Outline for the technical justification of inspection procedures

As with defects and test pieces, technical justification for inspection procedures must
firstly identify the essential variables, which include those associated with the component
geometry, materials, access, etc., as well as the type(s) of defects, their locations,
orientations and sizes. Additionally, having considered these, this form of technical
justification must also justify the selection of the inspection technique(s) and identify the
associated essential variables, which can include calibration procedure, mechanical setting
up and checks, scanning sensitivities, and sizing techniques (see Section 3.4 below). The
ability of these techniques to fulfil the objectives of the inspection is investigated using an
appropriate combination of theory, mathematical modelling and practical evidence (see
Sections 4 to 8). The technical justification should also include or reference the training,
experience and prerequisite qualification requirements of the operators. The adequacy of
these requirements should also be addressed. Finally, the technical justification should
address the nature and extent of the complementary trials which are designed as a practical
demonstration of the capability of the inspection technique(s). For the inspection
procedure(s) this will generally involve the determination of "worst case" defects, which
can then be incorporated into test pieces in order to provide the most stringent trial of the
technique(s). For the inspection personnel, the technical justification will also need to
address the extent to which site conditions need to be replicated in the trials, probably by
addressing human factors issues (see Section 5.2), in order to demonstrate that a successful
outcome complements the operators' basic and applied training and qualifications. The
simplified outline for an inspection procedure technical justification is given in figure 2.
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;etc.

'.Equipment design, functional
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'.personnel requirements, etc.

•Geometry of test pieces, access
•arrangements, environment,
•hierarchical approaches, etc.

Figure 2: Outline for the technical justification of inspection procedures

3.3.3 Outline for the technical justification of equipment

This technical justification addresses the equipment (including control and analysis
software) specified by the inspection procedure, and demonstrates how it will be capable
of reliably performing the inspection(s) as specified upon the component(s) to be
inspected. Thus the essential variables for this form of technical justification include those
associated with the component and its environment (geometry, surface condition, access,
dose rate, etc.), and those associated with the inspection technique(s) (probes, frequencies,
scan speeds, digitisation rates, positional accuracy, etc.). As before, a more complete
listing of essential variables is given in Section 3.4 below. The technical justification
should consider the selection and design of equipment, and demonstrate that it will
provide a reliable solution by reference, as necessary, to design data and functional tests.
This part of the technical justification will also need to address the interaction between the
inspection equipment and the inspection personnel (see Section 5.2). The ability to
maintain through-life functionality should also be addressed by reference to maintenance
routines, calibration procedures and spare parts policies. Finally, the extent to which the
practical trials need to replicate on-site conditions should be addressed, and any measures
adopted to reduce time and/or costs in practical trials, such as hierarchical approaches,
should be justified.

As before, an outline for this form of technical justification is presented in figure 3.
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Essential
Variables

•Componentgeometry, materials,
'•environment, access, defect types,
'.sizes, orientations, positions,
'•morphologies, dose rate, etc.

Select and justify
the technical
solution
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•personnel requirements, etc.

Justify the extent
of the Practical
Trials

[Selection of worst case defects,
'•numbers of defects, range of sizes,
'.pass/fail criteria, scope of personnel
'.qualification, hierarchical
\approaches, etc.

Figure 3: Outline for the technical justification of equipment

The information which is necessary to allow the functions outlined above to be met is
discussed and identified in detail below.

3.4 Essential Variables

The concept of essential variables has been introduced and defined in Section 3.3 above.
The part they play in the preparation of technical justifications has also been discussed.
The nature of essential variables is such that a definitive listing can only be developed
when a particular inspection situation is being addressed, however an indicative list of
those relevant to volumetric (ultrasonic, eddy current and radiographic) and surface
(penetrant. magnetic particle and visual) inspection methods is presented in Table 1 below
for information.

Examples of the sources of information on essential variables are:

• Manufacturing records: details of the plant components, geometry, materials and
fabrication procedures. N.B. in the case of ultrasonic NDT then this can be
supplemented by measurements of attenuation and material noise on the actual plant
components.

• Inspection records: the inspection history of the plant item will effect the in-service
inspection requirements, e.g. if the component has already undergone full volumetric
examination and this has proven that no significant manufacturing defects exist then
further search for manufacturing defects may be unnecessary.



Role of TJ

Defects and Test Pieces
(Component)

Inspection Procedure

Equipment

Inspection Type
Volumetric

Geometry
Materials
Fabrication Route
Surface Condition
Weld Configuration
Defect type(s)
Defect shape(s)
Defect size(s)
Defect locations
Defect orientations
Defect morphology
Defect opening
Technique
Human factors
Frequencies N
Crystal diameter
Angle
Pulse length
Reporting criteria
Calibration
Sensitivity
Couplant
Coil type v

Coil dimensions
Frequency
Voltage J

•UT

.ET

Source energy >
Film fRT
IQI's J
Transducer characteristics
Positional accuracy
Scan rates
Cables
Environment
Durability
Software algorithms
Analysis hardware

Surface
Geometry
Materials
Surface finish
Access
Colour
Defect types
Defect opening
Contrast
Environment
Ambient temperature

Technique
Human factors
Reporting criteria
Light levels
Calibration/references

Location/position
Resolution
Focal length
Aperture
Field strength
Coil design
Durability
Radiation hardening

Table 1: Typical essential parameters

Fracture mechanics and metallurgical reports: these provide information on anticipated
defect types, growth rate and maximum acceptance size. This information is used to
identify the defect population(s) that must be considered.

Validated mathematical models: to provide evidence based on theoretical
considerations of the anticipated response of the entire range of real defects, identified
by fracture mechanics considerations, to the interrogation techniques specified in the
inspection procedures. Mathematical models can also be used to evaluate inspection



coverage, and refraction effects (beam bending) associated with UT inspection of
inhomogeneous anisotropic materials such as stainless steel and Inconel constructs.

Evidence from other practical trials: may provide information on scan sensitivities and
signal responses from a variety of real defects in a variety of environments.

Evidence from parametric studies: can be used to support the case for the use of
simulations of real defects e.g. rough fatigue defects to simulate IGSCC.

Vendor inspection procedures: knowledge of the types of inspection techniques to be
applied would enable the worst case defects to be determined.

Equipment; design concepts and specifications: these should provide the necessary
knowledge to prepare a technical justification of the equipment.

4 Defect Specification

4.1 Discussion

Before the technical justification can be started, there is a need for a full definition of the
defects the inspection was designed to detect and assess. This defect specification is the
basis of both the inspection and its technical justification. Without it, it would be easy to
postulate unreasonable defects that would evade the inspection or alternatively to limit the
scope of the inspection to just those defects which would be easy for it to handle. The
defect specification is the means by which we ensure that the inspection and its
qualification have the required scope. The nature of the information which needs to be
included in the defect specification depends to some extent on the precise inspection
method used, but in general the following must be included as a minimum:

• defect type
• position in thickness (e.g. surface-breaking, embedded etc.)
• position in plan (e.g. heat affected zone, weld etc.)
• possible orientation range in both tilt and skew
• defect roughness and form
• maximum acceptable defect size (acceptance size) in both through thickness and in

length (This should be based on structural integrity considerations. Further factors may
have to be introduced when determining the sizes to be used in qualification)

Some of this information may be readily available from published studies (e.g. Ekstrom
and Wale, 1995), and it is essential that a suitable data base to maintain a current
knowledge of defect occurrence is established. However, the effectiveness of the
qualification process will be limited if all the information is not provided. The first
necessity is to specify the defects of concern. If there is a history of defect occurrence, the
particular types which have occurred will obviously need to be included. This will enable
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some of the relevant parameters to be defined. However, even when defects have occurred
in the past, it will not be possible in many cases to use information from destructive
examination to provide a complete definition of all the parameters above. For example, if
defects have occurred in a number of specific orientations the complete range that may
occur in the future is not certain unless the defects have occurred in such very large
numbers that it is reasonable to assume that all possible orientations have occurred.
Similar arguments apply to defect position, form and roughness. Clearly observations
from previous defect occurrence will usually need to be supplemented by analytical
reasoning to provide a complete defect specification. A knowledge of the defect growth
mechanism and the stress field will permit a rough prediction of likely position and
orientation ranges, whilst knowledge of the growth mechanism and materials structure
will allow a prediction of the defect roughness.

There will also be situations where no defects have occurred in the past but the
consequences of failure are so extreme that assumptions must be made about what defect
types might conceivably occur in the future either by themselves or in addition to defects
which have already occurred. Such assumptions are essential if inspections are to be
designed and effective qualifications carried out. From the defect types which are
assumed comes the information about the other parameters in the defect specification.

In both the situations discussed above, there is a need for work which will allow the defect
parameters to be derived from the growth mechanism and stress field. It is not possible at
present to make accurate predictions. General indications of what the parameter ranges
are likely to be is all that is possible. Fortunately, NDT methods tend to be tolerant to
some departure of the defect parameters from those specified and so the approximate
means currently available for the derivation of defect parameters is not likely to lead to
gross inadequacies in the design of the inspection or its qualification. Nevertheless, it
would be more satisfactory if the derivation of defect parameters could be put on a firmer
foundation.

In addition to the parameters listed above, one that may be significant for several
inspection methods is crack opening.

For ultrasonic techniques, the amount of reflection from a defect may be reduced if the
crack faces are very close together. Compressive stresses across the crack face can make
the situation worse (Denby and Duncumb, 1985). In the limit, for certain types of crack,
reflection may be reduced to levels that prevent crack detection. This has been a persistent
worry for ultrasonic inspections over the years but the amount of evidence available is
limited. In practice only certain types of crack appear to be affected, namely those whose
faces conform very closely and where no material loss has been involved to create a gap.
Mechanical fatigue is the type which has been studied the most and here the effects can be
significant (Denby and Duncumb, 1985). Similar studies have also been conducted for
stress corrosion cracking (Brickstad, 1991), however there is a need to extend the work to
other defects and identify those crack types which may be susceptible. In addition, if a
defect is under compressive stress during the inspection, this must have an influence on
the level of tensile stress causing crack growth during operation. Studies need to be
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conducted into the level of stress reduction in operation resulting from compressive
residual stresses during shut down.

For radiography, the level of crack opening is all-important. Only if rays passing along
the plane of the crack are attenuated less than those which have traversed adjacent parent
material will the crack be detected. This can only happen if the crack is not so rough that
there are no ray paths which meet this condition. Also, if the crack is reasonably planar,
the source must be aligned in the plane of the crack. The crack opening is crucial in
determining how much tolerance exists on this latter requirement. If the crack is very
tight, the source location may need to be so exact that the only cracks which will be
detected are those whose orientation can be predicted with absolute certainty. Quantitative
information on crack opening is not widely available and this lack makes it difficult to
determine the effectiveness of radiography in detection of cracks. The problem is that the
operation of exposing a crack in order to measure its opening can affect the results by
relaxing residual stresses. Further work on determination of crack opening is needed for
the range of defects of concern if radiography is to be qualified effectively and the
technique used with confidence.

4.2 Recommendations for Further Work

• Studies such as Ekstrom and Wale (1995) should be converted to data base format and
maintained as an up to date record of known defect occurrences.

• Analytical methods which predict defect parameters from a knowledge of stress fields
and defect growth mechanisms need to be developed for all the defect types of
importance.

• Work to study the influence of crack opening on all NDT methods should be carried
out.

• Further work to determine the levels of crack opening characteristic of different crack
types should be carried out together with work to determine the influence of
compressive stress on such openings.

• Work to study the likely effects which residual stress relaxation has had on the crack
opening observed in macrographs should be carried out.

5 Other Input Information

In addition to information about the defects of interest as discussed above, there is a need
for further information about the implementation of the inspection on the actual
component which can influence the inspection. This includes both information about the
plant and information about the actual inspection process. If this is not available, the
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qualification would be inconclusive because factors which could affect the outcome have
not been included. In some cases available information allows test piece trials to be made
realistic. Sometimes the technical justification can be used as a way of taking the
particular factor into account. In other cases, it is not easy to obtain full details or, even if
they are available, it is not currently known how to make use of the information. This
section concentrates on the latter situation because this is where further work is needed to
provide the information necessary for effective qualification.

5.1 Information Relating to the Plant

This covers the conditions under which the inspection will take place.

The areas where information is needed to allow qualification to be designed and where the
information and the means to use it are also usually available are as follows:

• Access. Knowledge of any access restrictions is needed to allow test piece trials to be
realistic.

• Time available. As above.
• Surface finish. The surface finish of the real components must be known because it

affects the inspection when using ultrasonic techniques or the surface inspection
methods. Its effect can be included in the technical justification to account for any
differences between the test pieces and the real welds. This is one of the areas
included in the discussion of parametric studies in Section 7.

• Geometry/Dimensions. The precise shape and size of the real components must be
known so that any differences between the components and the test pieces can be
accounted for in the technical justification using modelling as mentioned in Section 6
below.

The areas where essential information is difficult to obtain or where, even if available, it
cannot currently be used are as follows:

• Weld repairs. Weld repairs frequently exist in areas where the plant owner is unaware
of their existence; even when their presence is known they can cause problems. Weld
repairs can affect the inspection in two ways. First, in both ferritic and austenitic
components, the existence of weld repairs will affect the position and orientation of
defects and these need to be included in the defect specification. Defects may be
possible in areas where they would not be suspected in the absence of weld repairs.
The second effect is in austenitic materials where the weld repair will modify the
anticipated grain structure in a significant way. The discussion in Section 9.2 below
indicates the problems that this will produce for attempts to understand the propagation
of ultrasound through the component. It also introduces qualification difficulties
because of the problems of producing test pieces with realistic structures. This is an
area which requires further study.

• Root condition. The root condition is often unknown except for the limited information
that can be gleaned by ultrasonic or radiographic inspection. The root condition is
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particularly influential for the detection and assessment of root defects. If the root
condition is different in one part of the weld from others, it may lead to a faulty
diagnosis of root defects. It is important that test pieces replicate the weld root
condition if qualification is to be realistic. The means for obtaining information about
the condition of the real weld root and then producing test pieces with similar
conditions require further investigation.

5.2 Information Relating to the Inspection

This information concerns the interaction between the various aspects of the inspection
and the inspectors who are responsible for them. It therefore considers the human factors
involved in the inspection process. There are a number of areas where the human factor is
important; these include:

• Equipment. This comprises everything the inspector will use, including probes,
manipulators, measuring equipment, display equipment, analysis equipment etc. The
interaction between an inspector and the equipment used is covered by the scientific
field of ergonomics.

• Inspection procedure This is the written procedure which will be used by the
inspectors to perform the inspection.

• Environment. The environment in which the inspection is carried out in practice is very
important in influencing the outcome. Factors such as noise levels, temperature,
access, lighting etc. must be taken into account in conducting qualification if the
outcome is to be credible.

For all the above, the information is required in order to specify the equipment, procedures
and conditions to be used for the qualification. Justifications for changes after the trials
can be made based on ergonomic assessments of the effects of any changes. Work has
been carried out to understand the influence of the above factors, for example in PISC
Action 7. As in other areas discussed in this report, there is a need to assemble this
information in the form of a data base so that as much use as possible can be made of
work already carried out.

5.3 Recommendations for Further Work

• Work to understand the influence of weld repairs on ultrasonic and eddy current
inspection should be carried out

• The production of test pieces with realistic root conditions needs further development.

• A data base of existing work to understand the role of human factors in inspection
needs to be assembled so that qualification can take account of the findings.
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6 Mathematical Models

A mathematical model in the context of this report refers to an algorithm designed to
determine the effectiveness of a particular inspection technique or techniques in the
detection and characterisation of a particular defect set.

6.1 Ultrasonic Models

There are three fundamental categories/levels of models currently in use:

• Geometry-coverage (in isotropic homogeneous materials)

• Amplitude response

• Geometry-coverage plus amplitude (accommodating anisotropic inhomogeneous
materials)

The first and simplest type of model considers the extent of coverage afforded by a
particular inspection technique. This type of model is particularly valuable when the item
being inspected has a complex geometry such as an RPV nozzle to shell weld or nozzle
crotch corner region where the extent of coverage afforded by a particular technique may
not always be self evident. Using this type of model a variety of techniques, beam angles,
skew angles and beam spread can be quickly and easily evaluated to optimise coverage of
the inspection volume. The model is designed only for consideration of homogeneous
isotropic structures where little or no refraction occurs as the ultrasound propagates
through the material and its principal use is therefore with regard to the inspection of
ferritic components.

The second type of model will predict the signal response from simple idealised defect
types in simple geometry. There are two fundamental approaches used in this type of
model. One is based on the Geometric Theory of Diffraction (GTD) and the other is based
on elastodynamic Kirchoff theory. Each approach has fundamental limitations but these
limitations are in some respects complementary, thus the judicious use of both variations
can usually provide a satisfactory indication of the response of a defect to interrogation.

The third type of model focuses on the effects of material properties that cause beam
bending through refraction. This type of model accommodates beam propagation through
inhomogeneous anisotropic material. Its principal use therefore is with regard to the
inspection of structures comprised of stainless steel or Inconel where the anisotropy and
inhomogeneity of the structure can profoundly affect the inspection.

Using a suitable mathematical model or combination of mathematical models it is possible
to predict what would be a worst case defect from the point of view of detection. For
example a small smooth defect with the least favourable orientation located at the edge of
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an inspection region or adjacent to the surface scanned, may be predicted to give the
lowest signal response for a given set of inspection techniques. If this class of defect is
used for the practical trials then the inspection system will be subject to its most severe
test. In practice there will be a number of defect orientations and locations that constitute
worst case defects. It is important therefore to select the representative worst case defects
very carefully in order to ensure that the system is properly tested.

Other factors that have not been taken into account by the models e.g. cladding, can be
accommodated by parametric studies (see Section 7).

In the event that a single geometry has been chosen to represent a class of components
with a range of slightly different geometries then mathematical modelling can be used to
demonstrate that the differences in geometry will produce a negligible effect on the
outcome of the inspection.

6.2 Models of Other NDT Techniques

Models relevant to eddy current testing, and radiographic techniques also exist (e.g.
Sabbagh et.al., 1993 and Wall and Wedgwood, 1994). Examples of these models include:

6.2.1 Radiographic Models

AEA Technology has developed a radiographic model called XPOSE which produces
simulated radiographs (displayed on a VDU) and predicts inspection reliability in terms of
probability of detection (pod) and false calls. Rough and smooth cracks, voids and
porosity can be modelled, and the results of human reliability trials accommodated.
XPOSE provides a quantitative evaluation of pod covering a wide range of materials and
conditions.

The input requirements for XPOSE are the definition of a defect population in the plate or
weld of concern. The model will then establish the radiographic conditions, produce a
simulated radiograph, and calculate the pod. Examples of typical output from the model
are given by Wall and Wedgwood (1994).

6.2.2 Eddy Current Models

An example of ECT modelling is the VIC-3D software (Sabbagh et.al., 1993). This is a
commercially available modelling package that can predict the complex impedance
changes that occur in an eddy current coil as it is scanned across a defect in a non-
ferromagnetic material. VIC-3D is capable of modelling a wide range of defects.

The details of these models lie beyond the current scope of this report, however regardless
of the inspection technique and model chosen the requirement for validation of the model
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used to provide information for a technical justification is essentially the same as that for
UT Models.

6.3 Examples of UT Models Available

Listed below are some examples of available UT mathematical models with a summary of
their scope and validation status.

• MUSE (acronym of Mathematical modelling of UltraSonic Examinations): This is an
AEA Technology computer program. Its scope is the investigation of beam coverage
in complex structures. It can be used to optimise the design of UT inspection systems
as applied to complex geometry by optimising the beam angles and scan intervals
required. The input requirements are the geometry parameters associated with the
component to be inspected including the inspection zone and the defect parameters. Its
main limitation is that it does not at present provide direct information on the
anticipated signal response from defects. The approach used to modelling is purely
geometric employing vector algebra. MUSE has been validated by comparison with
manual calculations and other independently produced software (Birchall et.al., 1993).

• PEDGE: This is a Nuclear Electric computer program based on GTD (Geometric
Theor>' of Diffraction) designed to model the direct pulse echo response of an idealised
defect. The idealised defect is an embedded smooth plane defect with either an
elliptical shape or an infinite ribbon. Its scope is homogeneous isotropic structures
with a simple flat plate geometry. The main properties of the ultrasonic beam are
modelled along with the pulse shape and the output includes the signal amplitude
referenced to a standard reflector. Its main limitations are the shape of defect that can
be modelled, the geometry of the component, and the location of the defect. It does
not accommodate mode conversions or multiple reflections off adjacent surfaces. If the
misorientation angle drops to zero (i.e. near specular) or a caustic occurs then the model
becomes grossly inaccurate.

• PKIRCH: This is a Nuclear Electric computer program based on elastodynamic
Kirchoff theory. It is designed to model the direct pulse echo response of an idealised
defect. The idealised defect is an embedded smooth plane defect with either an
elliptical shape or an infinite ribbon. Its scope is homogeneous isotropic structures
with a simple flat plate geometry. The main properties of the ultrasonic beam are
modelled and the output is the signal amplitude referenced to a standard reflector. Its
main limitations are the shape of defect that can be modelled, the geometry of the
component, and the location of the defect. It does not accommodate mode conversions
or multiple reflections off adjacent surfaces. As the misorientation angle becomes large
(i.e. large angle of incidence) the model becomes inaccurate.

• CORKIRCH: This is a Nuclear Electric Computer program based on elastodynamic
Kirchoff theory. It is designed to model the corner effect response of an idealised
defect. The idealised defect is smooth and surface breaking with either a semi-elliptical
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shape or an infinite ribbon. Its scope is homogeneous isotropic structures with a simple
flat plate geometry. The main properties of the ultrasonic beam are modelled and the
output is the signal amplitude referenced to a standard reflector. Its main limitations
are the shape of defect that can be modelled, the geometry of the component, the
location of the defect and the orientation of the defect with respect to the interrogating
beam (misorientation angle). The model is highly sensitive to the skew and tilt of the
defect.

N.B. GTD and Kirchoff models have been shown to be accurate within defined limits
(Chapman et.al., 1993; Chapman, 1990). Both GTD and Kirchoff models are inaccurate
for defects smaller than about two wavelengths in size. Also, for GTD models the radius
of curvature of the defect edges must be greater than or equal to two wavelengths.
PEDGE and PKIRCH do not accommodate mode conversions or multiple reflections.

• RAYTRAIM (acronym of RAYTRacing in Anisotropic Inhomogeneous Media): This
is an AEA Technology computer program. Its scope includes the propagation of
ultrasound through inhomogeneous and anisotropic structures (e.g. Austenitic welds).
The modelling of the sound propagation is three dimensional and can cope with
complex geometry. The input requirements relate to the material properties and weld
structures. This detailed information is often only available through the manufacture of
test specimens to the same welding procedures as those used for the manufacture of the
actual component. These test specimens then have to be destructively examined to
determine the detailed material structure and the required input parameters. The output
from this program is ray tracing showing coverage of the inspection volume and the
amount of beam bending as the elastic wave propagates through the material. When
used in conjunction with post processing routines the echodynamics of scans using zero
degree and angled compression probes can be determined. RAYTRAIM used in
conjunction with appropriate post processing routines has been subject to five separate
validation programmes by comparison of experimental measurement with predictions
of the bending of compression waves and the echodynamics of scans using zero degree
and angled compression probes operating in both pulse-echo and pitch-catch
configurations. A further post processing routine RAYKIRCH uses elastodynamic
Kirchoff theory to accommodate defect misorientation to the interrogating beam. The
status of the validation of RAYTRAIM is discussed in Birchall et.al. (1993).

The models mentioned above are examples only. In fact there are a number of other such
mathematical models in existence or under development. Any of these models are
potentially useful providing that they are appropriate and have been properly validated to
show that the accuracy of prediction is acceptable. The purpose of listing the above
examples is to provide an indication of what is currently available along with the limits on
application. A general point to note is that mathematical models tend to be "in house"
developments to provide specific solutions to specific problems. The production and
continued development of these models is often on an ad hoc basis which tends to explain
why there does not appear to exist an 'off the shelf comprehensive commercial software
modelling package available, despite the clear need for one in the field of nuclear NDT
qualification.
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6.4 Limitations to UT Model Examples

There are five points to consider when evaluating the usefulness and practicality of a
mathematical model.

1. Validation: has the model been subjected to comprehensive validation.

2. Input: the form of the input should facilitate quick and easy conditioning of the model
to examine a particular problem.

3. Scope: ideally the scope of the model should be adequate to address all of the main
aspects of the examination. Therefore the model should be able to deal at least with
common types of defects in their associated material environments and geometry. The
size, orientation, location, defect shape, surface roughness, interrogating beam model
(or ET probe characteristics), inspection technique and, in the case of UT examination,
multiple reflections and mode conversions should all be adequately accommodated,.

4. Processing: the processing algorithms and software should be efficient and take
advantage of the latest technology and software developments to maximise the speed of
operation.

5. Output: the form of output is very important. Often there might be a large quantity of
data output. A graphic output display is therefore desirable with the ability to use a
cursor or 'drill down' for a numerical or tabular data output if desired.

Considering point 1: All of the models cited in this report have been subjected to some
degree of validation. It should be realised however that there will be limits to the scope of
the validations carried out. For example the Nuclear electric models do not accommodate
multiple reflections or mode conversions therefore they have not been validated against
that requirement. Clearly the scope of validation required depends upon what the model
has been developed to achieve and what the inspection requirements are. For example if
the scope of validation included the requirement for amplitude predictions for all types of
real defects in their respective environments then all of the models considered would fail
in some respect.

Considering point 2: The conditioning of the model to simulate a particular inspection
problem requires the input of a large number of variables specifying the details of the
inspection problem including, geometry details, material characteristics, inspection
technique, beam characteristics and defect characteristics. Depending upon the
sophistication of the model this list can easily be expanded to include such features as
surface finish, material attenuation, couplant characteristics, stand off inspection
parameters (if the technique is non contact). Whatever the conditioning requirements are
it is clearly advantageous if the software is designed to expedite the input of these
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parameters by having sensible default values for the main variables and a clear
interrogative format prompting the operator to provide the information required.

Considering point 3: All of the examples of models quoted in this report have been
utilised and found to be useful in the process of inspection design or the production of a
technical justification. Each of the models tends to focus on different aspects of the
problem of evaluating inspection e.g. MUSE (geometric), RAYTRAIM (media refraction
effects, anisotropy and inhomogeneity), PEDGE, PKIRCH and CORKIRCH (amplitude
predictions). It is not true to say that the models are all restricted to each of these aspects,
for example RAYTRAIM when used in conjunction with a post processing routine may be
used to provide information on signal amplitude.

MUSE is easily adaptable to complex geometry. It traces ray paths and provides
information on the misorientation angles associated with any defects encountered and
accommodates mode conversions. The output is graphical and numerical. It does not
consider the propagation and interaction of elastic waves with a defect in an analytic way
and is not at this time configured to model refraction due to propagation through
inhomogeneous anisotropic material or to predict signal amplitude.

RAYTRAIM models the propagation of elastic waves analytically considering phase and
amplitude. It can accommodate the refraction effects of materials (beam bending) and
when used in conjunction with additional post processing software provides amplitude
information. The output is graphical and numerical. It can be made to accommodate
complex geometry but not as directly as MUSE. Although it can be used to provide
information on signal amplitude it is currently more limited in this scope than PEDGE,
PKIRCH and CORKIRCH.

PEDGE. PKIRCH and CORKIRCH all model the propagation of elastic waves,
considering both phase and amplitude information, and their interaction with smooth
idealised defects. When used selectively these programs can provide estimates of the
response of real defects within certain limits. The output is predominantly tabular and can
require some effort in interpretation. At this time these programs are not configured to
deal directly with complex geometry and considerable additional work may be required to
compensate for anything more complex than a flat plate.

No one model is ideal because each has significant limitations to its scope. The common
deficiency of all of the models is the lack of, or limited ability, to predict the signal
response from real or realistic defects in real environments.

Considering point 4: Some of the models, and in particular PKIRCH and CORKIRCH
which are based on elastodynamic Kirchoff theory, can take a very long time to run. If the
number of inspection problems to be considered is small this may not be a major problem
but obviously this can be a significant disadvantage if there are a large number of cases to
consider.
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Considering point 5: The output of MUSE and RAYTRAIM is mainly graphical. This
enables a quick and easy evaluation of the effectiveness of a given inspection. The output
of PEDGE, PKIRCH and CORKIRCH is mainly tabular. This can make interpretation of
inspection effectiveness slow and cumbersome.

6.5 Recommended Programme to Remedy Model Limitations

A preliminary programme to remedy the current limitations and deficiencies of
mathematical modelling should consist of:

• An international survey to establish the state of the art in the modelling of defect
response to UT, ET and Radiography. To aid in this a suitable questionnaire could be
distributed to organisations and individuals known to be engaged in NDT modelling
work.

• The planned development of one or more models to address the problem. (The
model(s) selected could be determined on the basis of the outcome of the above
survey).

• The design, production and testing of a comprehensive set of test blocks containing
suitable sets of real or realistic defects specifically designed to aid in the development
and validation of the model(s).

7 Parametric Information

7.1 Discussion

In the context of an NDT inspection, a parameter is any feature of the inspection which
may affect the performance of the inspection. Examples include:
• Cladding
• Surface Finish
• Compressive stress
• Equipment
• Crack Opening

In a parametric study, the effect of one particular parameter is studied methodically in
isolation from any other parameters. The aim of the study is to quantify the effects of
variations in the particular parameter; therefore the study is often a laboratory based study,
using small specialised test pieces, which do not need to resemble full sized components.

The results of parametric studies can be used in technical justifications in a number of
ways:
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• if the results show that variations in the parameter have a small or no effect, then the
exclusion of that parameter from the test trials can be justified

• if the results show that variations in the parameter have a significant effect, then the
exclusion of that parameter from the test trials can be justified if it is possible to ensure
that the parameter will not vary during the inspections. For example, the length of the
cable from the probe to the measuring equipment may have a significant effect on the
amplitude of the signal; however, if it is practicable to keep the cable length constant,
then the parameter does not need to be included in the test trials.

• if the results show that variations in the parameter have a significant effect, and if
variations in the parameter are known to occur and cannot be removed, then the results
of the parametric study can be used to justify the values chosen for the parameter in the
test piece trials.

A number of parametric studies have been performed as part of international and national
research programmes (for example see Denby and Duncumb, 1985; Borloo et.al., 1985),
however, there is a need to determine which studies have been performed and
systematically combine the information into a database to enable the relevant information
to be easily available. As is the case with NDT models, however, it is also essential that
the limitations of existing parametric studies are understood and documented. Hence it is
vital that any database includes relevant information on the limitations of the parametric
studies.

7.2 Recommendations for Further Work

As mentioned above, the most pressing need is to assemble a data base so that access is
readily available to the work which has already been carried out to determine the influence
of the various parameters of potential importance for all relevant NDT methods. The data
base should be reviewed regularly to ensure it remains up to date.

8 Other Test Piece Trials

8.1 Discussion

A number of test piece trials have been carried out over the past two decades. The PISC
series of exercises are probably the most extensive and noteworthy for nuclear NDT but
there have been a number of others such as the work on IGSCC in the USA and the Defect
Detection Trials in the UK. As qualification is carried out on a more widespread scale, the
number of trials will continue to increase. In addition, there are a number of trials which
have been carried out for non-nuclear applications but which have potential relevance for
nuclear NDT. It is sensible that any future qualifications use as much of this material as
possible. It was generated at great expense and represents a practical application of a
range of NDT methods to a range of problems. There are, however, some difficulties in
using the results from previous test piece trials.
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The first difficulty is similar to one experienced in many other areas when attempting to
use existing information. This relates to the sheer volume of what has been done and the
difficulty of narrowing down the mass of information to the few instances where there is a
possible relevance. This requires the production of a data base which can be interrogated
with a few key fields relating to the NDT method, the components involved and the defect
types. Once the data base has identified the references which are potentially of value they
can then be scrutinised individually to determine whether they are, indeed, worth
including in the technical justification as discussed further below.

The second difficulty arises once the few references which are of potential value have
been identified from the data base. It is unlikely that the past work would have been
carried out with exactly the same parameters as that for which a technical justification is
being constructed. For example when ultrasonics is the inspection method, the precise
beam angles, sensitivities, recording levels etc. are unlikely to be the same even when only
conventional pulse echo methods are used. Likewise, the component geometry and
dimensions and the defect characteristics are likely to be different. Modelling, as
discussed in Section 6, can be used to determine what the results would have been in the
case in question. This is why the data base must be used to identify the cases which are
near but not exactly the same as the one under study. Further work is needed to determine
which can actually be used.

A third difficulty occurs because round robin trials are generally, of necessity, conducted
under conditions of strict commercial confidentiality in order to protect the intellectual
property contained in vendors' procedures. This means that detailed information on the
essential variables is unlikely to be available, which, in turn, limits the use of results from
the trials.

8.2 Recommendation for Further Work

A data base of all previous test piece trials should be created on computer. It should be
possible to interrogate the data base to determine the trials which are potentially of value
to support any given inspection. It is essential that the data base includes information on
the limitations of the data it contains, for example where the absence of detailed
information on the inspection procedures allows only very general conclusions about
inspection performance to be drawn. The data base should be periodically up-dated to
ensure it is complete.
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9 Test Piece Design

9.1 Defects

The choice of defect types and defect populations is critical to the design and ultimate
value of the test pieces to be used in the practical inspection trials.

Section 4 has already discussed in detail the main features to be considered and the work
required to define the defects of interest.

In order to specify the defect population of the test piece the following points must be
considered:

• What is a suitable simulation of the real defects

• What is the nature of the defect environment

• How can this simulation be incorporated into the test piece

• How many defects and what range of defect sizes and dispositions need to be covered

Considering the first point, clearly the defects incorporated into the test piece should
appear as similar to real defects as possible when interrogated by the NDT method under
investigation. What this means for ultrasonics is that the signal amplitude provided by the
simulation should be similar in amplitude to that which would be returned by a real defect
of comparable size, location and orientation. The echodynamic pattern produced as the
interrogating beam is swept across the defect should also be similar particularly if sizing
qualification is a requirement. In order to prove that the defect simulations are acceptable
it is therefore necessary to compare the ultrasonic characteristics of the real defects of
interest with the prospective simulations. This can be done by carrying out practical trials
on simple test blocks containing both real and artificial defects to show that the ultrasonic
response of the proposed simulations are acceptable. In addition to the practical trials a
theoretical appraisal of the defect characteristics known to influence signal response can
also be performed e.g. surface roughness, correlation length, spatial frequency spectrum
and crack tip widths. It may be that it is technologically impossible to produce an exact
simulation of the real defects. If this is so then as long as it is possible to establish the
relationship between the signals produced by the real and artificial simulations of the
defects then the differences may be accommodated when the results of the practical trials
are analysed.

Considering the second point. The material environment affects the attenuation and signal
to noise ratio. Additionally if the material is inhomogeneous and anisotropic (e.g.
austenitic and transition welds) the ultrasonic beam will be subject to refraction and
dispersion as it propagates through the material. It is therefore important that the
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ultrasonic characteristics of the material are adequately represented in the test piece. This
is discussed in detail in Section 9.2.

Considering the third point. The manufacture and incorporation of artificial defects into
the test piece presents a number of problems. The first problem is to control the defect
parameters (location, size, orientation and morphology) sufficiently well to enable
accurate definitive defect data to be provided without necessitating expensive destructive
examination of the test pieces after the practical trials. It follows that whatever the
manufacturing process used in the production of the defects it must be proven that
adequate control of these defect parameters is attained. In order to do this a series of
practical trials are necessary to demonstrate that the manufacturing process will provide
the required accuracy. The second problem involves the incorporation of the defects into
the test piece. If the defects are implanted into the test piece then the implantation process
tends to result in changes to the surrounding material which can influence the ability of the
system under test to detect and size the defects. There are two factors involved here, the
first involves changes to the material structure in the vicinity of the defect. For example if
the defect is produced in the form of a cuboid or bobbin then the differences between the
material structure of the bobbin and the surrounding weldment may be sufficient to reveal
the presence of the implant. The second factor relates to the presence of imperfections or
satellite reflectors in the weldment or material immediately surrounding the defect. These
imperfections can influence the detection of the defect by flagging the presence of an
implant. They can also adversely affect sizing because they may provide signals
sufficiently large and close to the intended defect to effectively extend or obscure the true
size. Both of these problems are particularly acute when inhomogeneous anisotropic
structures are involved. Experience from both national and international (e.g. PISC)
round-robin trials has shown that the as-built condition of test pieces can be significantly
different from the as-intended (design) condition. UK experience (for the Sizewell B
validations), however, has been that, by paying close attention to the Quality
Assurance/Quality Control aspects of test piece manufacture, including the use of proving
trials, close conformance between as-built and design conditions can be achieved. It is
recommended that further work is performed in conjunction with national qualification
bodies, such as IVC, SQC and the EPRINDE Center, and test piece manufacturers in
order to develop predictable and reliable test piece manufacturing processes.

Considering the fourth point. The number of defects to be used to demonstrate the
effectiveness of the inspection system is ultimately matter of judgement. A simplistic
application of the binomial theorem can be used to show that if it is required to
demonstrate 95% confidence in 95% detection capability then a minimum number of 59
defects would be required for the practical trial. In fact if all of the variables associated
with the detection of defects are considered then considerably more than this number
would be required. If a technical justification is used to show that the system capability is
inherently adequate then it is only necessary to include enough defects to adequately
represent the range of defect types, sizes, locations and orientations permitted. As
mentioned in Sections 2 and 3 a technical justification can be used to select the worst case
defects from the point of view of inspection thus enhancing the practical demonstration.
These defects will, of course, be part of the population of defects which have been
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specified as being of safety/structural concern. The logic of this approach is that the
technical justification has addressed the capability of the inspection as designed; the
practical trial then reinforces the conclusions of the technical justification by
demonstrating that worst case defects can be detected and sized. The practical trial further
demonstrates that the inspection equipment and procedure can be applied as intended. The
(blind) trials for personnel qualification complement the basic and applied training, and
demonstrate, under realistic conditions, that the personnel are capable of utilising the
inspection procedures and equipment to detect and sentence defects of concern. The
individual qualifications of the inspection procedures and equipment and the inspection
personnel are then complemented by the on-site third party surveillance to provide,
overall, a reliable inspection. This approach is not, unfortunately, quantitative, but, for the
reasons given above, a truly quantitative and statistically-sound approach to qualification
is likely to be prohibitively expensive.

Logically the range of defect sizes should be chosen on the basis of what is required. For
example if fracture mechanics is used to establish the critical defect size i.e. the size of
defect which would require the plant component to be taken out of service then this can be
used as a start point to determine the size of defect that must be detected (qualification
size). The methodology for determining the qualification defect size from the critical
defect size may vary but a fundamental consideration must be that no defect that can grow
to critical size during the inspection interval can be permitted to be missed by the
inspection. The factors to consider here are the potential growth of the defect within the
inspection interval immediately preceding the attainment of critical size and the sizing
accuracy that can be achieved by the inspection system. Clearly the qualification size
must be separated from the critical size by at least the potential growth within the
inspection interval. It must also be also be the case that when the sizing accuracy is taken
into account that there is a sufficient separation between the qualification size and the
critical defect size that the defect cannot attain critical size within the inspection interval.

9.2 Structure

9.2.1 Introduction

For ferritic materials the metallurgical structure of the component is not usually a factor in
determining ultrasonic inspection performance. The exception is whenever the grains are
large as in castings and regions of some forgings. Under these circumstances the
attenuation and back-scatter levels may be very high. In qualifying the inspections of such
components it is necessary to use test pieces which pose similar problems to those of the
real component. If this is not done, the results on the test piece have little significance for
inspection of the actual component. It may be possible, if data on attenuation and back-
scatter levels exists for the real component to correct the test piece results if the test piece
is not the same. However, this process is not without problems and the preferred course of
action is to use realistic test pieces.
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In spite of the difficulties discussed above for a minority of components, most ferritic
materials present no particular problems for ultrasonic inspection. This is in sharp contrast
to the situation for austenitic components, particularly those with as-cast structures such as
welds and castings. Fine-grained austenitic forgings are usually easy to inspect in spite of
the fact that the anisotropy of austenite exceeds that of ferrite. The main problems in
austenitic materials arise from the grain structures of austenitic welds and castings. In a
ferritic weld, each layer of weld metal refines the grain structure of the underlying beads
as it is deposited by cycling it through the a/y phase transition. This leads to an equi-axed
structure of small grains with minimal ultrasonic inspection problems. In an austenitic
weld there is no phase transition during the welding process and the as-cast structure of
each bead survives. Moreover, the grains in each bead grow epitaxially from those in the
underlying bead. This process continues as the weld is deposited and the end result is a
weld containing long columnar grains, often growing across many weld bead boundaries,
aligned along the thermal gradients as the weld is built up. Each of these grains is aligned
with the <100> axis of the fee structure and so the weld is elastically anisotropic on a
macroscopic scale as well as inhomogeneous because the direction of the grains varies
within the weld.

The net effect of the structures discussed above is the well-known difficulty in inspecting
austenitic welds. Ultrasonic beams are bent, diffused and sometimes split by the structure
and this weakens the signals from defects or causes the beam to miss the defect
completely. In addition, increased levels of back-scatter may obscure the weakened defect
signals. The uncertain path of ultrasonic beams also complicates size measurement since
it can never be certain from where the defect tip signals arise. The difficulty depends on
the exact structure and, although there has been a significant advance in the understanding
of the influence of structure on ultrasonic inspection, it cannot be said a priori how a weld
fabricated in a given way will behave without further investigation involving observation
of the structure applying. If, as is often the case in older plant, there is no knowledge of
the welding method or even the materials, it is currently impossible to predict the outcome
of an inspection.

The discussion above has a number of implications for inspection qualification.

9.2.2 Fabrication of Test Pieces

It follows from the above discussion that it is essential when qualifying ultrasonic
inspections of austenitic welds for the test pieces used to have structures which either
resemble those of the real component or can be shown to be at least as difficult for the
inspection. The influence of structure is so profound that if this condition is not met the
results obtained using non-representative test pieces are meaningless. The question
therefore arises as to how it can be ensured that the structures of the test piece and the
component are matched.

When full information is available about the welding procedure and the materials used for
the real component, test pieces can be fabricated using the same approach. There is some

28



evidence that structures are influenced even within a given weld procedure by details of
the technique used by the individual welder. This point requires further investigation to
uncover the magnitude of such effects and their significance. If large, there may be
intrinsic problems in ever producing realistic test pieces. This is clearly a point which
requires early resolution if austenitic weld qualification using ultrasonic techniques is to
have any credibility.

Putting the issue of individual welding technique to one side, there is a need to use the test
pieces produced by the weld procedure for the actual component to determine the effect of
the structure on ultrasonic propagation. This can be done by taking sections of the test
piece and applying the AEA Technology model, RAYTRAIM. This model takes the grain
structure of the weld as an input. The structure is represented by the grain directions
measured at points on a matrix over the weld section and the model predicts the paths of
ultrasonic rays through the weld. Effects of the structure on ray direction and hence on
beam splitting, spreading and bending are apparent from the output of the model. In cases
where welds were made between components which were horizontal or had a horizontal
component during welding, the structure will vary around the weld. RAYTRAIM can be
used to investigate such effects for test welds made under identical orientations to the real
one. This involves taking sections and measuring grain directions as outlined above at
different points around the circumference. The dependence of structure on component
orientation means that, for components welded at the fabricator's premises, it is necessary
to have this additional information. Where significant variations of structure occur around
the weld circumference, the RAYTRAIM predictions allow the positions where the
problems for ultrasonic techniques are greatest to be identified. These can then be used as
the sites for defects to be inserted for the purpose of open and blind trials of the inspection.
It can be seen from the above that a considerable amount of investigation and study of
weld structures is needed before relevant test pieces containing defects can be designed.
These studies are part of the technical justification and justify the test pieces used for
qualification.

It follows from the above discussion that knowledge of the weld structure is a vital
prerequisite to the design of test pieces for qualification. Major problems exist where
there is no knowledge of the welding procedure or materials used as is often the case for
older plant. It may be possible to carry out attenuation and back scatter measurements on
the real weld and produce test pieces which have comparable levels. Unfortunately, these
factors are very orientation dependant and measurements would need to made at different
angles. This may not be possible in many cases because of geometry or access limitations.
Even if measurements were possible it is not known whether the test welds would behave
the same as the real ones in all important aspects. Another problem is that the knowledge
of how to produce test pieces with given levels of attenuation and back scatter does not
currently exist. Further work is needed to investigate the production of relevant test pieces
in this situation. At present, it must be concluded that the ultrasonic inspections of
austenitic welds made using unknown welding methods cannot be qualified because of the
inability to design relevant test pieces.
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The above discussion has focused on ultrasonic inspection because of its importance in
demonstrating structural integrity. However, there are similar problems in the production
of test pieces for other NDT methods. Eddy currents are frequently used to complement
ultrasonics in the inspection of austenitic welds where they perform the valuable function
of detecting near-surface defects. The variable electrical and magnetic properties of
austenitic welds can complicate the detection of defects particularly in heat affected zones
where the material properties can vary extremely rapidly. This is an area which requires
further study.

9.3 Recommendations for Further Work

• The way in which realistic defects can be incorporated in test pieces should be
investigated. This would involve determining the surface characteristics of real defects
in plant and how they respond to the NDT methods of interest. Means by which such
defects can be simulated in test pieces in a way which provides a comparable NDT
response can then be studied by examining the responses of practicable inserted
defects.

• The influence of welder technique, working within a given specification, on austenitic
weld structure should be investigated. This would involve producing a number of test
pieces using the same weld procedure but different techniques for bead deposition.
Subsequent sectioning will reveal any differences in metallurgical structure which have
resulted. Application of RAYTRAIM will then show the influence of the variations on
ultrasonic inspection.

• The production of test pieces which can be used for the qualification of austenitic welds
made by unknown methods should be investigated. This would involve taking an
austenitic weld and making measurements of attenuation, back-scatter and beam
bending over as many angles as possible. It also involves an investigation of the back-
scatter and attenuation levels of welds made using different procedures so that test
welds with the required levels can be produced.

• The influence of austenitic weld structure on the detectability of defects using eddy
currents requires investigation. This would involve investigating the way that
variations in eddy current signals arise from the surface of austenitic welds particularly
across fusion faces. The influence of welding method should be examined to establish
the way in which realistic test pieces can be produced.

• The Quality Assurance/Quality Control aspects of test piece manufacture should be
further developed. This would involve the review of the approaches for test piece
manufacture adopted by qualification bodies, and demonstrations by manufacturers of
predictable manufacturing techniques in order to develop the means of assuring the as-
built condition of test pieces.
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10 Conclusions

1. Throughout this report, the need for the production of data bases which provide ready
access to previous work has been highlighted. Without such data bases to direct
attention to the limited number of references of potential value in a given situation, the
task of conducting a search of the mass of available technical literature is too daunting
to be practicable. There is then a great danger of repeating work which already exists
or not taking account of potentially significant developments.

2. The importance of a disciplined approach to the production of technical justifications
covering all aspects of the qualification process has been highlighted. These technical
justifications will act to maximise the cost effectiveness of the qualification process and
the reliability of the qualification results.

3. There are a number of areas where information is not currently available to permit the
production of effective technical justifications. These have been highlighted in this
report and are the subject of recommendations for further work. A full list of
recommendations follows in Section 11.

11 Recommendations for Further Work

1. Studies such as Ekstrom and Wale (1995) should be converted to data base format
and maintained as an up to date record of known defect occurrences.

2. Analytical methods which predict defect parameters from a knowledge of stress
fields and defect growth mechanisms need to be developed for all the defect types
of importance.

3. Work to study the influence of crack opening on all NDT methods should be
carried out.

4. Further work to determine the levels of crack opening characteristic of different
crack types should be carried out together with work to determine the influence of
compressive stress on such openings.

5. Work to study the likely effects which residual stress relaxation has had on the
crack opening observed in macrographs should be carried out.

6. Work to understand the influence of weld repairs on ultrasonic and eddy current
inspection should be carried out

7. The production of test pieces with realistic root conditions needs further
development.
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8. A data base of existing work to understand the role of human factors in inspection
needs to be assembled so that qualification can take account of the findings.

9. A preliminary programme to remedy the current limitations and deficiencies of
mathematical modelling should consist of:

9.1 An international survey to establish the state of the art in the modelling of
defect response to UT, ET and Radiography. To aid in this a suitable
questionnaire could be distributed to organisations and individuals known
to be engaged in NDT modelling work.

9.2 The planned development of one or more models to address the problem.
(The model(s) selected could be determined on the basis of the outcome of
the above survey).

10. The design, production and testing of a comprehensive set of test blocks containing
suitable sets of real or realistic defects specifically designed to aid in the
development and validation of the model(s).

11. A data base should be developed so that access is readily available to the work
which has already been carried out to determine the influence of the various
parameters of potential importance for all relevant NDT methods. The data base
should be reviewed regularly to ensure it remains up to date.

12. A data base of all previous test piece trials should be created on computer. It
should be possible to interrogate the data base to determine the trials which are
potentially of value to support any given inspection. The data base should be
periodically up-dated to ensure it is complete.

13. The way in which realistic defects can be incorporated in test pieces should be
investigated This would involve determining the surface characteristics of real
defects in plant and how they respond to the NDT methods of interest. Means by
which such defects can be simulated in test pieces in a way which provides a
comparable NDT response can then be studied by examining the responses of
practicable inserted defects.

14. The influence of welder technique, working within a given specification, on
austenitic weld structure should be investigated. This would involve producing a
number of test pieces using the same weld procedure but different techniques for
bead deposition. Subsequent sectioning will reveal any differences in
metallurgical structure which have resulted. Application of RAYTRAIM will then
show the influence of the variations on ultrasonic inspection.

15. The production of test pieces which can be used for the qualification of austenitic
welds made by unknown methods should be investigated. This would involve
taking an austenitic weld and making measurements of attenuation, back-scatter
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and beam bending over as many angles as possible. It also involves an
investigation of the back-scatter and attenuation levels of welds made using
different procedures so that test welds with the required levels can be produced.

16. The influence of austenitic weld structure on the detectability of defects using eddy
currents requires investigation. This would involve investigating the way that
variations in eddy current signals arise from the surface of austenitic welds
particularly across fusion faces. The influence of welding method should be
examined to establish the way in which realistic test pieces can be produced.

17. The Quality Assurance/Quality Control aspects of test piece manufacture should
be further developed. This would involve the review of the approaches for test
piece manufacture adopted by qualification bodies, and demonstrations by
manufacturers of predictable manufacturing techniques in order to develop the
means of assuring the as-built condition of test pieces.
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