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INTRODUCTION

The Specialists' Meeting- On "In-Service Inspection and

Monitoring of LMFBRs" was held at the facilities of INTERATOM

at Bensberg, Federal Republic of Germany on 20-22 May I98O.

The meeting was sponsored by the International Atomic Energy

Agency (IAEA) on the recommendation of the International

Working Group on Past Reactors (IWGFR) and was attended by

22 participants from Prance, the Federal Republic of Germany,

Italy, Japan, the Netherlands, United Kingdom, United States

of America, and two international organizations: CEC and IAEA.

The purpose of the meeting was to review and discuss

inspection requirements and concepts developed in the IWGPR

member countries, development of inspection methods and their

application in practical work and to recommend future develop-

ment .

The Chairman, Mr. G. Hendl, opened the meeting and welcomed

the participants on behalf of INTERATOM. Mr. J.B. Dee, Scienti-

fic Secretary, welcomed the participants on behalf of the IAEA.

The technical sessions were divided into four topical

sessions as follows:

1. General Concepts for In-Service Inspection of the

Reactor Plant

2. Remotely Controlled Inspection Systems

3. Ultrasonic Test Methods

4. Miscellaneous Test Methods

During the meeting papers were presented by the partici-

pants on behalf of their countries or organizations. Bach

presentation was followed by an open discussion in the subject

covered by the paper, and subsequently session summaries were

drafted. After the formal sessions were completed, a final

discussion session was held and general conclusions and recom-

mendations were reached by consensus. On 22 May, a tour of

research and development facilities associated with in-service

inspection at INTfiRATOM was organized for the participants of

the meeting. A list of participants, the agenda of the meeting

and session summaries are given below.



SUMMARY

Session 1. General Concepts for In-service Inspection of the

Reactor Plant

The papers presented for this topic have shown the import-

ance of inspection and surveillance in order to avoid hazard to

the general public, the operating personnel or to the plant it-

self. Also, the aspect of component fault prevention is becoming

increasingly important. For example, it is believed important

to minimize exposure of personnel to radiation during reactor

maintenance and possible repair. Accordingly, the advisability

of minimizing the reactor outage time for availability reasons

requires that plant faults be detected and remedied at a reason-

able early stage in their development.

Economic investigations have shown the need for high levels

of component and structural reliability, particularly in cases

where failures of those components or structures could result in

long reactor outage times. It is estimated that large sums of

money could be saved if in-service inspection or surveillance was

provided that was capable of detecting failures at the potentially

dangerous stage. For these reasons, it is considered that commer-

cialisation of large LMPBRs will require the development of prac-

tical methods for I.S.I, and surveillance, fault diagnosis and

repair of defective in reactor components.

Session 2. Remotely Controlled Inspection Systems

Remotely controlled inspection systems are under study in

all countries. The reactors differ in their construction (pool

or loop reactors) and the working conditions of the materials,

but the similar conditions for I.S.I, such as temperature, at-

mosphere etc. are considered. Basically, the same examination

techniques are used: TV-cameras and ultrasonic testing. The

capability for inspection of welds, or base material in high

stress positions, may be required.

Different ultrasonic methods are used:

- transmitter-receiver technique

- focused probes

- single probe technique

Different types of inspection devices are under development:

- chain devices and manipulators (SNR 300)

- two degrees of motion transporters (Super Phlnix)

In areas of hostile environment both pool and loop reactors

require remotely controlled inspection systems for examination

purposes.

- All inspection systems should be tested on full scale

mocks-up.

- Similar problems appear in all devices, such as coupling

liquid for ultrasonic testing, coolant for inservice equipment

(e.g. cameras) and accuracy in positioning the ultrasonic probes.

- It is suggested that cooperative development of an optimum

ultrasonic couplant be undertaken.



Session 3. Ultrasonic Test Methods

Acoustic behaviour of austenitic weld metal is an important

area of study and results are being incorporated in new ultra-

sonic inspection procedures. There is general agreement that

L-waves are preferred, at least for thick sections, but there is

no uniform and accepted techniciue for this purpose. There is

some tendency in several countries to emphasize the use of some

form of focusing in order to reduce the amount of noise caused

by the weld microstructure. It is agreed that a fabrication

techniciue (weld design etc.) should be chosen with due allowance

for requirements of now—destructive examination, particularly

for ultrasonic examination. Several papers demonstrated that

an appropriate weld structure could considerably increase the

effectiveness of ultrasonic examination.

The influence of sodium in surface cracks warrants further

investigation, for this could tie of importance. Ihis aspect is

considered further in item 4.

A distinction must be made between flaw detection and eva-

luation since reliable techniques for sizing have not been gen-

erally demonstrated. Biere was agreement that amplitude itself

is not always sufficient for flaw sizing.

The value of radiographic examination mainly as a preservice

HDE technique was agreed, provided it was carried out with care

including a variety of angles.

The discussion of the examination of austenitic welds was

extended to the even more difficult task of the examination of

ferritic-austenitic transition welds. The importance of weld

siting was emphasized with regard to increasing the tolerable

defect size and hence facilitating examination.

Wall thickness measurement for ferritic steam generator

tubes by ultrasonic means seems likely to be a useful tool

for in-service inspection. A technique has been tested on

straight tubing successfully and is under consideration for

helicoiled steam generators.

Session 4-. Miscellaneous Test Methods

Beside the predominant ultrasonic test method described

in previous items in this section, other procedures like

acoustic emission, vibration monitoring, optical holography,

sodium leak detection and special applications of radiography

were dealt with.

Ihe first paper described acoustic techniques which are

being developed to remotely monitor incipient events of various

modes of failure. Work was described in which the use of vib-

ration analysis and acoustic emission as monitoring techniques,

is being investigated. Finally, development of ultrasonic tech-

nology for providing images of components immersed in opaque

sodium, was also described.

An example of application of small sodium-to-gas detectors

and acoustic emission techniques to a fatigue test of a pipe

elbow under sodium environment was presented. It was shown that

the small sodium-to-gas detector has a sufficient sensitivity

for practical usage in PBR, and that the acoustic emission method

has a possibility to be used as an in-service monitoring device.



Holography has been used for the recording of three dimen-

sional optical data of reactor plants. It is considered likely

to be useful for recording the condition of components during

the construction stage and for comparison with their condition

later in life of the reactor.

Experimental and theoretical data have shown the roughness

of fatigue cracks and corapressive stress to affect their response

to ultrasonic beams. Introducing liquid into a crack may cause

an increase or decrease in reflection, depending on the angle

of incidence of the ultrasonic beam.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

The specialists' meeting was regarded by the participants

as very timely and led to a valuable exchange on various aspects

of in—service surveillance and periodic examinations of LMFBR

systems.

The discussion indicated that major methods are becoming

more standardized in various countries and that most countries

use the ultrasonic method for volumetric testing. Final results

of development were not yet achieved but present publications sh

show considerable progress, especially with regard to austenitic

welds.

The following special points were emphasized:

1.. The main item of the meeting was a presentation of

progress in I.S.I.

2. The design of components will always be a compromise

between fabrication and cost, but also inspectability is a very

important consideration. It was recommended in the meeting that

inspectability should always be considered at the design stage.

3. Historically, I.S.I, was based on periodic NDE. It

should also be recognized that continuous surveillance and use

of recorded operating data and functional tests can provide

valuable information concerning the in-service conditions of

plant systems and components.

4. Increased use of continuous surveillance techniques

appears to have the potential for reducing the amount of periodic

WDE and consequently may enhance plant availability.

5. While not a subject of this meeting, it was recognized

that in-service inspection may demonstrate the need for repairs.

It is recommended that the IWGFR initiate a forum for the discus-

sion of PBR repair activities, with particular emphasis on the

requalification aspects.

6. A further meeting should be held in 4 years time.
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Chairman: G. Hendl
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9.00 h Address of welcome

J.B. Bee

International Atomic Energy Agency

Vienna, Austria

Opening remarks

G. Hendl

INTERATOM, FRG

Confirmation of the proposed agenda

9.15 h 1 General Concepts for In-service Inspection of the

Reactor Plant

1.1 Concept for In-service Inspection at the Kalkar Nuclear

Power Plant

H. Leder, INTERATOM, PRG

1.2 Preface and Summary of the United Kingdom Contributions

P.T. Nettley, UKAEA, Risley, GB

1.3 Review of Activities Relevant to In-service Inspection

N. Imanaka, PNC, Japan

(Presented by Mr. Nagata)

11.00 h Coffee break

11.20 h 1.4 Some Reliability Targets Affecting the Necessary

Provisions for In-service Inspection and Monitoring

of LMFBR Engineering Components

P.R. Bolt, CEGB, GB

1.5 Quelques Reflexions sur la Surveillance en Exploit-

ation des Reacteurs Rapides en Prance

L. Pierazzi et Ph. Verriere, Cadarache, Prance

12.00 h Discussion

13.00 h Lunch at INTERATOM

14.30 h 2 Remotely Controlled Inspection Systems

2.1 Super Phenix 1: In-service Inspection of Main and

Safety Tanks Weldments

M. Asty, J. Vertut, J.P. Argous, Prance

14.50 h Discussions

15.10 h Refreshments

15.30 h 2.2 Activities with Regard to Research and Development of

Technics for SNR 300 Reactor Vessel In-service Inspect-

ion Procedures

• K. Holler, G. Kirchner, J. Menck, INTERATOM, PRG

(Presented by Mr. Holler)

2.3 Presentation of Accessibility Equipment for Primary

Pipings, IHX, Pumps and Appertaining Manipulator Tests

G. Hahn, E. Hoeft, INTERATOM, PRG

(Presented by Mr. Hahn)

16.10 h Discussion

17.00 h End

17.15 Cocktail party at INTERATOM



Wednesday, 21 May 1980

9.00 h Summary, Conclusions and Recommendations for Subjects 1

and 2

10.00 h Coffee break

10.20 h 3 Ultrasonic Test Methods

3.1 Longitudinal Wave Ultrasonic Inspection of Austenitic

Weldments

B.S. Gray, R.J. Hudgell, H. Seed, UKAEA, GB

(Presented by Mr. Gray)

3.2 Comparison of Ultrasonic Testing with Single Probes

and Transmitter-Receiver Techniques both with Compress-

ive Waves for Austenitic Welds

K. Ewalds, H. Benz, INTERATOM, FRG

(Presented by Mr. Ewalds)

3.3 Ultrasonic Inspection of Austenitic Welds

J.R. Tomlinson, A.R. Wagg, M.J. Whittle, CEGB, GB

(Presented by Mr. Bolt)

11.20 h Discussion

13.00 h Lunch at INTERATOM

14.30 h 3.4 The Non-destructive Testing of Transition Welds

A.R. Wagg, CEGB, GB

(Presented by Mr. Bolt)

3.5 Examination of Austenitic Weld Material, A Comparison

between Radiographic and Ultrasonic Testing

W.M.J. Haesen, A.H.J. Renders, Th. J. Tromp, NERATOOM, NL

(Presented by Mr. Tromp)

15.10 h

15.40 h

Discussion

Refreshments

16.00 h 3.6 Ultrasonic Wall Thickness Gauging for F e r r i t i c Steam

Generator Tubing as an In—service Inspection Tool

W.M.J. Haesen, Th.J. Tromp, NERATOOM, NL

16.20 h Discussion

16.40 h 3.7 A 4 Probe Array

C.E. Fernando, CEGB, OB

(Presented by Mr. Bolt)

3.8 Transducer Characterization

Th.J. Tromp, NERATOOM, NL

17.00 h Discussion

17.45 End

18.00 h Dinner at INTERATOM

Thursday, 22 May 1980

9.00 h Summary, Conclusions and Recommendations for Subject 3

11.00 h Coffee break

11.15 h 4 Miscellaneous Test Methods

4-1 Progress on Acoustic Techniques for LMFBR Structural

Surveillance

E.J. Burton, P.O. Bentley, J.A. McKnight, UKAEA, GB

(Presented by Mr. Nettley, GB)

4.2 Holography for Fast Reactor Inspection

B.A. Tozer, CEGB, GB

(Presented by Mr. Bolt)

4.3 Developing Works to Detect Fatigue Cracks (Small Sodium

Leak Detector and Acoustic Emission)

M. Kikuchi, Y. Sakakibara, T. Nagata, PNC, Japan

(Presented by Mr. Nagata)



SESSION 1

4.4 1*ie Effects of Compressive Stress and Contaminating

Liquids on the Ultrasonic Detection of Fatigue Cracks

A.B. Wooldridge, CEGB, GB

(Presented by Mr. Bolt)

4.5 On Site Ihrough Shell Radiography

Ih.J . fromp, NERA.TOOM, NL

12.30 h Discussion

13.00 h Lunch at IH1ERAT0M

14.30 h Visit to INTERATOM Laboratories and Test Fac i l i t ies

16.00 h General Conclusions and Recommendations

18.00 h End of Session

CONCEPT FOR IN-SERVICE INSPECTION AT THE
KALKAR NUCLEAR POWER PLANT

H. LEDER
INTERATOM
Bergisch Gladbach
Federal Republic of Germany

1. Significance of In-Service Inspection for LMFBR's

In the German regulatory specifications, in-service

inspections are a part of the maintenance system of

a plant. The original main aspect of in-service

inspections was concerned with immediate safety in

components and processes in a reactor plant. Today,

tlrfe aspect of general fault prevention within the

scope of maintenance is gaining in significance.

Attempts are increasingly being made to prevent

faults which are harmless with regard to safety,

by means of suitable in-service inspection measures,

for example, in order to keep repair situations

involving radiation exposure of personnel as

infrequent as possible.

This trend is in keeping with the extremely sensitive

attitude of the public with respect to nuclear power

plants. It signals a need for a high level of safety,

amongst other requirements, and indicates that the

present state of knowledge regarding processes in

nuclear reactors has brought a complex of problems

to the surface.
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This trend applies to all types of reactors in question

in the Federal Republic of Germany and is not, therefore,

a problem area specific to the LMFBR.



It is documented by continuously increasing requirements

for in-service inspections with regard to quality and

quantity of subsequent projects compared to their

predecessors.

This trend must be provided with a practical scope in

safety and techniques, in order to ensure that the

desired gain in safety will be achieved by means of

the additional requirements for in-service inspections.

The task of a concept for in-service inspection is to

provide this scope. By means of this concept it is

possible to combine the individual in-service inspection

measures in an overall package covering the requirements

of the entire plant, thus contributing to the increase

in the safety standard of a nuclear power plant through

the large number of measures complementing each other.

This is only possible, however, if the in-service

inspection concept is included in the planning phase

as a planning requirement with the same priority as

other safety or operational aspects.

The in-service inspection concept therefore represents

a project extending from initial drafting work via

detailed planning, production and commissioning to

the implementation of individual in-service inspections

and - in individual cases - as far as repair operations

which may be required.

In accordance with this significance with regard to

the design and operation of a plant, the in-service

inspection concept also assumes considerable priority

in the process of approval by the authorities.

From the development side, this situation is taken

into account with a large number of research projects

sponsored by the Federal Government, mainly aimed

at the special problems of the LMFBR.

It can therefore be established that the significance

of in-service inspection in the Federal Republic of

Germany has continued to increase since the last

"Specialist's Meeting" organized by the IAEA in

Bensberg on March 9 to 11, 1976.

2. Objectives of In-Service Inspection

The in-service inspection requirements at Kalkar

nuclear power plant are based on the principle:

"The purpose of in-service inspection is the

confirmation of the specified state of the plant

at various times during the service life of the

plant".

Compliance with this principle guarantees that

safety is maintained during the entire service

life of the plant, based on the approved design

of the plant. In the context of reactor safety

this means that

the plant can be shut down reliably and can

be kept in the shut-down state,

decay-heat can be removed safely.

- activity entrapment is secured.
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In order to meet the above principle, in-service

inspections must assume the place illustrated

in the diagram in the quality control programme

of the entire plant.

Thus the extent, type and timing of in-service

inspections are governed by

- the application of laws, regulations and recommendations/

the significance of various plant areas and individual

components with regard to safety,

quality control during planning and drafting,

planning, construction and operation of the plant.

(This is intended to cover the special aspects

of individual types of reactors, etc.)

As indicated by the lower part of the diagram, these •

extensive, manifold and often special requirements are

set against an equally wide range of in-service

inspection measures.

They contain

the evaluation of continuous and intermittent operational

data,

in-service functional testing of systems, subsystems

and individual components

- non-destructive examinations and

in-service inspections.
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Within the scope of the in-service inspection concept,

individual requirements of I.S.I, can be considered

as having equal priority. This also applies to the

fulfilment side where individual in-service inspection

measures are graded a"s being of equal value, in

accordance with the graphical representation selected.

3. Realization of I.S.I. Objectives

In this section the lower half of the diagram

will be examined in more detail. The measures

listed there provide information regarding the

existing state of the plant.

The first I.S.I, block in realizing the

objective is the

Evaluation of operational data.

A large amount of data is produced during plant

operation. Some typical operational data are listed

here as an example. In compliance with the I.S.I,

principle these provide important information on

the operational state of the plant.

Measured values for checking perfect operational

functions of the plant.

- Long-term reports which record in particular

the long-term development of operational

data.

Results of analyses of sodium and water vapour

systems with regard to corrosion and activity

deposits.



11

System conditions for evaluating stresses and

determining residual life.

These data areas which are certainly not fully listed

here partly represent direct information, but also

contain indirect information which allows further

important assessments of the state of the plant to

be made, through evaluation and correlation of various

data areas with each other.

This I.S.I, block actually meets the above-defined

principle most closely, i.e. providing information

on the state of the plant, because the information

is obtained from latest operational or status data.

It also provides the possibility of defining the

extent and intervals of^tests for the other I.S.I,

measure blocks. For this reason, the entire extent

of I.S.I, measures and frequency of their implementation

should only be established within limits before the

start of planned operation. Because of the prototype

nature of the Kalkar nuclear power plant, operational

data and their evaluation assume an additional

significance.

The second I.S.I, block contains the

In-service functional tests

By means of the in-service functional tests the

perfect design function is confirmed, thus providing

an important contribution towards knowledge of the

state of the plant.

Here too, a type of inspection which complies with

the I.S.I, principle has been adopted in the concept,

confirming that the state of the plant is in accordance

with design factors.

Typical areas for these inspections from the safety

aspect are, for example:

Reactor protective system

Decay-heat removal system

Emergency cooling system

Shut-down system

Control and interlock circuits

Handling systems

A wide range of in-service functional tests is planned

for the Kalkar nuclear power plant.

Detailed establishing takes place in accordance with

the concept in the pre-testing of individual systems

and will subsequently be adopted in the I.S.I, schedule.

The third block of I.S.I, measures is represented by

In-service non-destructive examinations.

The I.S.I, schedule is an essential part of the I.S.I,

concept. It is concerned with the above non-destructive

examinations.

These examinations are greatly influenced by the accessibility

and preconditions of the plant.



For this reason a procedure in two parts was selected

in the I.S.I, concept for the approval process.

For the experts" examination before the

installation permit was issued, the scope of

inspection of the primary circuit components

was considered seam for seam and the I.S.I,

extent was established, taking into account the

accessibility, plant preconditions and inspection

methods.

After issuance of the installation permit but

before issuance of the operation permit, inspection

intervals will be established together with

inspection methods in detail and the assessment

to be carried out.

Preparation of the I.S.I, schedule was based on the

following concept guidelines.

Accessibility of components in areas of increased

radioactive radiation is ensured by means of

remote-controlled manipulators.

If isolating elements are present, these are

designed to be removed at the planned I.S.I,

points by means of manipulators. The remaining

isolation in these systems can also be dismantled

and reinstalled in principle with a high degree

of involvement.

Accessibility of components in accessible areas

is ensured by appropriate spatial layout.

12
Accessibility of inspection points which are under

sodium is either achieved by draining the sodium

or by means of manipulator test equipment which

can operate under sodium.

The prerequisite with regard to system conditions

during in-service inspections of the main heat-transfer

systems is a drained system which has cooled to

room temperature, and for in-service inspections

on the reactor tank and sodium storage, a hot tank

of approximately 200°C filled with sodium.

The fuel elements remain in the reactor tank during

in-service inspections.

Inspection methods applied are based on necessity

and comprise visual inspections, surface examinations,

volumetric inspection methods, leak tests and geometric

measurements.

The visual inspections which are carried out by

means of endoscope or television camera, serve to

assess the general condition of components.

Surface crack examinations provide information on

material separations close to the surface. The

magnetic powder method, liquid penetrant method

and the US test are applied.

US testing techniques are applied by preference for

volumetric testing. These techniques have only been

tried in the field of ferritic components; extensive

research and development work will be carried out for

the field of austenitic components.



13

A pressure test is only technically useful if

primary stresses make up the major part of the

total stress of a component. This is not the case

with the reactor tank and main heat-transfer systems.

Here a leak test will be carried out.

In establishing in-service inspections, the

inherent safety of the entire plant in combination

with the selected planning and design measures for

achieving high .plant ar.d component safety should

be taken into account.

Welds to be subjected to in-service inspection will

be established according to criteria specified

within the scope of the I.S.I, concept. To some

extent points were selected which can be considered

typical test points taking into account the type

of weld, loading, position, temperature etc.,

because they have been subjected to a high level

of collective stress up to the time of the in-service

inspection.

The following criteria were applied during establishing

of the scope of inspection;

A high, demonstrable standard of quality of

components has a reducing effect on the scope

of in-service inspections. Of course the reverse

also applies. In cases in which finished components

exist, the quality actually achieved is taken as

a basis.

A high level of collective stress and of material

exploitation cause a high level of involvement

in in-service inspections. Reduction of the scopp

of in-service i:\fpection is possible at points

of low stress and low exploitation of service life.

Inherent safety properties are:

Energy stored in the system which can be

converted mechanically is low.

The pressure at the free sodium surface in

the reactor tank is only approximately 0.5 bar.

The entire primary heat-transfer system is only

under low pressure (circuit pressure losses) .

Reactor tank, piping and main components are

thin-wallea so that the leak-before-break

criterion can be applied more forcibly to the

material utilized.

. Operational stresses are primarily the

result of thermal load changes.

. Natural circulation properties of the system.

Storage capacity of the system, long delay

periods in removal of decay-heat are permissible.

No significant pressure build-up in the containment

in the event of assumed major leaks.

In the event of hypothetical faults the sodium

coolant guarantees long-term cooling and

retaining of the molten fuel in the tank.
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The following design measures were applied:

. Unpressurized reactor tank thanks to inlet

plenum

. Shock-plate cladding to reduce transient

stress

. Internal inlet pipe in the tank to achieve an

unimpaired lower tank shell

. Arrangement of narrow cavities to reduce

sodium emission in the event of a piping and

component leak

. Leak monitoring systems intended to detect

minor leaks reliably

. Correct layout of cooling circuits with regard

to height, so that the core is always under

sodium and the after-heat can be removed

safely

. Two independent, different shut-down systems

which are up to standard.

The fourth block of I.S.I, measures covers the

In-service examinations

Material examination programmes can be considered

the crucial point in these in-service examinations.

Both preliminary and in-service programmes are carried

out. The object of the preliminary examinations is

to determine qualitatively and quantitatively the

material performance for the operating conditions.

In the in-service programme, the confirmation is

maintained for the original materials that the

properties determined in the materials programme are

present.

This information is supplemented by the results of

destructive tests on plant components which are

dismantled during schedules or repair work.

In order to carry out the in-service examinations,

the materials are subjected to operational conditions

in material test elements and insertion samples.

Subsequent examinations of the samples cover

. Tensile tests

. Time-fracture tests

. Fatigue tests in the LCF area

. Tensile tests with high elongation speed

. Notched bar impact bending tests

. Fracture-mechanics examinations

With components dismantled according to schedule or

during maintenance operations, an additional confirmation

of the results obtained during non-destructive examinations

should be ensured by means of destructive test methods.

In accordance with the nature of this task, it is not

possible to establish in detail the type and scope of

inspections before the start of operation. The I.S.I,

concept is therefore in.-.ended to include coordination

with the expert at the appropriate time.
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PREFACE AND SUMMARY OF THE UNITED KINGDOM
CONTRIBUTTOITS

P. T. NETTLEY
RITL, UKAEA, Risley, Harrington, Cheshire,
United Kingdom

INTRODUCTION

The mechanical integrity of engineering structures is a matter of great
practical importance for both economic and safety reasons. In practice
this integrity must be assured by careful attention to many aspects of
design, materials, fabrication, inspection etc. An important uncertainty
is the possible presence of defects in the structure. Under appropriate
circumstances, such defects can grow during service until they reach the
size where they extend unstably and thus cause the failure of critical
sections of the structure and the structure itself. The design and operation
of these structures must therefore take account of the possible presence
of cracks. The conventional approach is one based upon a set of conservative
assumptions about the maximum defect size, nature and frequency of loadings
on the structure, the materials properties, particularly crack growth
rates and fracture toughness, etc. However many of these quantities
are statistically distributed and we can never be absolutely sure that
values worse than the chosen conservative limits will not be encountered.
This is probably true of the relevant materials and must likewise be true
of transient loadings.

These uncertainties therefore oblige us to try to reduce failure probabili-
ties in plant components by design, materials selection, manufacture,
quality control, and pre-service and in-service inspection and monitoring.
At this Specialist Meeting we are going to concentrate on in-service
inspection and monitoring of LMFBRs. However, the techniques applicable
to in-service inspection can of course be applied pre-service and it is
generally recognised in the United Kingdom that there is a great need
for intensive inspection of LMFBR plant both during and on completion
of manufacture.

GENERAL CONCEPT OF ISI OF REACTOR PLANT

The UK paper in this Session gives the views of the main UK Utility, CEGB,
on how possible low reliability of selected critical LMFBR components
emphasises the need for in-service inspection and monitoring of those
components. This paper is by P R Bolt and is entitled "Some reliability
targets affecting the necessary provisions for in-service inspection and
monitoring of LMFBR engineering components". It represents the views of
a Plant Operator for components such as the core support structure and
steam generators and considers both economic and safety criteria. UK
Designers intend to achieve the high levels of structural reliability,
referred to in the CEGB paper, by extensive development programmes

to establish the structural demands and by adopting the best established
practices of design, fabrication and inspection. Where safety
considerations may require very high levels of assurance, such
requirements may be met by redundant or Secondary structures. However,
the UK Designers accept that to complete the structural integrtiy case a
knowledge of the state of the plant throughout its life is necessary either
through monitoring or inspection. Thus the Designers agree that the most
appropriate visual, survey, monitoring and volumetric inspection procedures
should be used both for safety and availability. However, in the develop-
ment of devices and operating and maintenance procedures, a balance will
have to be achieved between the outage cost of the inspection and the
potential gain in availability.

REMOTELY CONTROLLED INSPECTION SYSTEMS

There is no formal UK paper relevant to this Session. The following notes
provided by G Seed, Nuclear Power Company Limited, (NPC), outline briefly
the NPC work on ISI devices.

It is anticipated that some degree of in-service inspection will be required
for LMFBRs, and design work has been initiated to investigate the feasibility
of remotely operated devices to position instrumentation (assumed to be TV
cameras and ultrasonic equipment). Special attention has been given to
the inspection of the reactor primary vessel and structures inside the vessel
since the high activity levels and hostile environment demand the develop-
ment of novel remote inspection techniques.

Inspection of primary vessel

The devices considered for the inspection of the primary vessel are
described as follows:-

(a) Carousel

This device comprises a rotatable V-shaped flexible frame pulled
upwards against the outside of the vessel and carrying a track
on which the inspection equipment would be mounted and driven to
any position on the surface. Such a scheme is, however, not now
considered to be practical - mainly because of construction
restraints but also because of accessability limitations in
service.

(b) Articulated arm

For particular duties such as inspection of the outer vessel
welds within reasonable reach of the reactor roof the
inspection requirements can be met by an articulated arm or
manipulator. Such devices are used on AGRs and apart from
providing access, original design work is not needed at this
stage.



(c) Limpet

This is conceived as a free-roving device adopting the vertical
lift off and landing (VTOL) principle developed by the aero
industry. Such a device can cling to the wall of a vessel
and follow its contour. Development is now proceeding in
the UK on a single pad unit designed to carry 5 kgs and fitted
with ejector type thrust nozzles. It is envisaged that
this small vehicle will carry a TV camera and a single
ultrasonic probe which will scan the surface by oscillating
the vehicle from side to side along a zig-zag path as it
traverses the line of the weld. Provision will be made for
feeding a suitable ultrasonic coup!ant gel into the probe and
cleaning up the surface covered in order to minimise
subsequent contamination of the blanket gas.

(d) Crawler

The concept of a mechanically driven crawler incorporating
suction pads or combinations of wheel drive and suction
hold, is considered to be feasible and there are existing
applications.

Inspection of reactor internal structures

Inspection of the reactor internals poses difficult problems, one of which
is providing adequate access, bearing in mind the large number of
component penetrations required in the roof.

One proposal being examined envisages a single penetration near the outer
perimeter of the rotating plug which by rotating the plug would allow a
manipulator arm to reach most areas above the strongback floor separating
the hot and cold sodium pools.

Inspection of the above core structure would require a single penetration
outside the rotating shield. Access to the critical areas below the
strongback floor can be achieved with a number of holes in the floor
which are normally plugged. It is envisaged that an articulated arm could
be lowered through the rotating shield and a corresponding strongback hole
to allow access to the strongback structure, the diagrid, the HP pipes and
the core catcher.

Various types of articulated arms have been considered for this purpose.
The manipulator arms would be constructed of link members articulated at
both ends so that a number of these fitted together could take up a quasi-
curved geometry which would allow access to most regions of the reactor
vessel.

Three designs of link appear to be feasible for operation in the hostile
sodium environment. These are:
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(i) A motorised gear drive powered by a small internal high

temperature electric motor. The links are encapsulated
and cooled by argon gas.

(ii) A cable-operated link which allows the drive motors to be
located outside the reactor.

(iii) A pneumatically operated bellows sealed unit.

With the primary sodium and core and breeder discharged, access to the
reactor vessel internals is possible by loading shielded inspection chambers
into the roof penetrations, such as rotating shield and IHXs. By incorpora-
ting special facilities in the reactor vessel at the construction stage a
comprehensive surveillance of the vessel internals above and below the
strongback can be carried out. The shielded access facilities convert the
reactor vessel into a typical hot cave, with viewing manipulators and porting
through the facility walls. The work currently in progress is concentrating
attention on access to the reactor and the design of special devices such as
those outlined above. The design of the instrumentation packages has not
yet been considered in detail but current progress in this field indicates
that satisfactory inspection equipment can be developed in the timescales
envisaged.

TEST METHODS

There are 7 UK papers relevant to this Session. They are:-

"Holography for Fast Reactor Inspection" by B A Tozer

"The Non-Destructive Testing of Transition Welds" by A R Wagg

"A 4 Probe Array" by C E Fernando

"The Effects of Compressive Stress and Contaminating Liquids
on the Ultrasonic Detection of Fatigue Cracks" by A B Wooldridge

"Ultrasonic Inspection of Austenitic Welds" by J R Tomiinson,
A R Wagg and M J Whittle. (This paper describes CEGB work on
this topic)

"Longitudinal Wave Ultrasonic Inspection of Austenitic
Weldments" by B S Gray, R J Hudgell and H Seed. (This
paper describes UKAEA work on this topic)

"Progress on Acoustic Techniques for LMFBR Surveillance"
by E J Burton, P G Bentley and J McKnight.

PERFORMANCE OF ISI

There is no UK paper relevant to this particular Session.



CONCLUSIONS

Current experience indicates that design proposals for new reactors should
pay particular attention to access, inspectability and replaceabiiity.
Because the environment experienced by components in large sodium cooled
fast reactors represents a major departure from that in conventional
generating plant and thermal reactors, these requirements for LMFBRs should
be kept under constant review during the development stages.

Since outage costs can be very high, advantage should be taken of any
significant reduction in outage times that can come from early warning, from
in-service inspection and monitoring, of developing faults and deterioration
processes which could result in component failure.
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REVIEW OF ACTIVITIES RELEVANT TO
IN-SERVICE I1TSPECTTOIT

N. IMA1TAKA

Power Reactor and Uuclear Fuel Development Corp.
Akasaka, Minato-ku, Tokyo,
Japan

1. Introduction

Nuclear power plants are requested to provide

continuing safety that cannot compare with other

industries, as plant safety is a matter of much concern.

To provide continuous assurance for plant

safety there is increasing tendency to demand much

of inspection of components during the lifetime.

This inservice inspection of LMFBRs should be

investigated from a view point of different systems

and characteristics from LWRs.

In this paper a review for inservice inspec-

tion of LMFBRs is described.

2. Definition of the term "Inservice Inspection"

There is no definition of the term "Inservice

Inspection" in Japanese official use except only

in the JEAG (Japan Electric Association Code) non-

destructive examination (visual, surface and volu-
>

metric examination) is required as a Inservice

Inspection of LWRs.

Judging from the object of Inservice Inspec-

tion that is to provide a continuing assurance

that the components important for plant safety are

>
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safe, there is no necessity to limit the Inservice

Inspection to the nondestructive examination.

Therefore the term of Inservice Inspection in

this paper is applied as a general term embracing

examination made during shut-downs ("periodic in-

spection"), devices operating continuously through-

out operation ("continuous monitoring devices"),

test or devices applied periodically under opera-

tional conditions ("periodic operational testing")

and materials surveillance based on the Summary

Report of the last Specialist Meeting held on March,

1976 at Bensberg.

3. Inservice Inspection requirement

In Japan, Inservice Inspection of the struc-

tural parts for the nuclear power plant is obliged

by the MITI (Ministry of International Trade and

Industry) notification as one of the periodic in-

spection. It provides general requirement only to

assure that the components are kept well similarly

to the state at the preoperational test. Supple-

menting to this Japan Electric Association had pro-

vided the detailed code for LWRs.

As to the LMFBR, there being no rule except

MITI notification, it might be necessary to nego-

tiate with licensing agency in detail.

Apart from the legal requirement, the needs

of Inservice Inspection should be investigated as

a technical matter.

Though the components in nuclear power plant1

should be designed, manufactured and erected with

the latest knowledge and techniques, specially for

a relative new system such as a LMFBR it is diffi-

cult to collect sufficient experimental data to be

able to predict with sufficient accuracy component

behaviour during its lifetime.

Therefore, there remains some uncertainty

from engineering point of view. Inservice Inspec-

tion should be settled as to compensating these

uncertainty.

To inspect the components after operation for

preventing their failure are effective to continue

the plant operation, still they have two different

meaning for the object.

The first is related to the safety, for pro-

tection of the public or the operators from radio-

active hazard avoid the failure of the components

essential for the protection of the public safety.

The second is concerned with plant availabili-

ty and economical view point which is to minimise

plant outage and repair costs, detect the failure

of major components as fast as possible.

These separately directed two sort of inspec-

tion are almost same in practice, however in con-

trast to the former is the owner's duty, the latter

may be imposed by the owner and is not within the

scope of this paper.
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4. Inspection aspects specific to LMFBRs

Sodium cooled reactor possesses different

characteristics as to the LWRs, mostly of these

makes Inservice Inspection of LMFBRs difficult to

apply the same technique as LWRs, however some of

these are advantageous ones from an inspection

standpoint. They are;

1) Sodium has a very low vapor pressure at the

operating temperature. Therefore sodium sys-

tem can operate at low pressure. This makes

if some crack on the components had originat-

ed, propagation of it is probably very time

consuming.

2) The principal structural materials forming

the coolant baundaries are austenitic stain-

less steel which possesses good toughness and

ductility and has no tendency to cause brittle

failure.

3) Sodium reacts with the oxygen in air or water,

and is also good conductor of electricity.

Because of above features very small leaks

are capable of being detected with sufficient

time under operating conditions, accordingly the

leak detection should become the main technique

for the Inservice Inspection of LMFBRs.

5. Inservice Inspection plan for MONJU

Inservice Inspection plan for MONJU is not

decided yet in detail, and is now underway on the

basis of following consideration.

1) To reduce the plant outage time, continuous

monitoring system shall be applied as much as

practicable.

2) To take off a part of integral structure for

inspection is not allowed.

3) Inspection methods are limited to the reliable

ones that are conventional or expected to put

to use in near future. The methods only de-

pending on the future development are elimi-

nated.

4) The detector which might malfunction must pro-

vide redundancy and/or diversity.

According to the above basis the general ap-

proach of Inservice Inspection of MONJU is as

follows.

1) Reactor coolant boundaries

To detect the reactor coolant from leak-

ing out of boundaries, continuous monitoring

will be applied on the primary heat transfer

system. Leak detector will be provided in

guard vessels, piping and component insulation
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annuli and cells containing coolant contain-

ing components. Visual examination also will

be performed to locate and evaluate leaks de-

tected by the leak detection system. Special-

ly to the IHX tube, leak from the secondary

loop to the primary loop is monitored by the

level gages installed on the overflow tanks

of primary and secondary loops.

2) Core support structure

The integrity of core support structure

is important on the viewpoint of not only for

the core configuration but for core cooling

capability. There is no way to assure the

integrity of the structure but materials sur-

veillance test. Additional monitoring system

is studying.

3) Guard vessels

The guard vessels are provided as "second

vessels" such that an adequate level of sodium

is maintained in the reactor vessel to ensure

core cooling should a leak develop in any of

the primary loop components. Therefore it is

important to assure the integrity of the guard

vessels for plant safety.

It is impossible to apply the continuous

monitoring on the guard vessels as they are

empty under operating condition. Should it

require the Inservice Inspection, periodic

inspection must be applied.

6. Conclusion

To provide a continuous assurance of safety

to the LMFBR, it is essential to develop how to

construct the components to maintain the inte-

grity throuout the service lifetime. Especially

how to design is urged for this object.

Inservice Inspection should be located only

to compensate some uncertainty remained at the

design stage, as it is too much complex in

Practice.

As for inspection techniques, leak monitor-

ing is assumed to be a best way to assure the

plant safety continuously with the minimum plant

outage time and minimum radioactive hazard to the

inspectors.
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SOME RELIABILITY TARGETS AFFECTING THE NECESSARY

PROVISIONS FOR IN-SERVICE INSPECTION AND MONITORING

OF LMFBR ENGINEERING COMPONENTS

P. R. BOLT
Fast Reactor Engineering
Plant Engineering Department, CEGB,
Barnwood, Gloucester,
England

Abstract

The possible consequences of failure of primary and secondary sodium circuit
components are discussed with particular reference to post incident fault
diagnosis, remedial procedures and outage durations. The core support
structures and steam generator units are identified as particularly import-
ant components in terms of economic consequence of their failure. Important
safety considerations may also apply.

Levels of reliability for core support and steam generator integrity,
necessary to meet economic and certain safety criteria, are discussed
and quantitative data is given. Possible failure and deterioration mech-
anisms which could result in unacceptable reductions in reliability are
then identified for the core support and steam generator units. Following
a consideration of the reliability targets and possible causes of loss
of reliability, an appraisal is made of the necessary extent of in-service
data to be obtained on component behaviour and condition.

In-service inspection and monitoring methods that could be used to obtain
this data are described. Consideration is given to UK and overseas inspect-
ion experience on LMFBR and other nuclear plant.

Some.reliability targets affecting the necessary provisions for in-service
inspection and monitoring of IMFBR engineering components

1. Introduction

An earlier CEGB paper defined the extent of in-service inspection
considered necessary for IMFBRs, to give the necessary confidence
to a Utility that adequate levels of plant availability and safety
could be achieved throughout the required lifetime. That paper also
gave general design guidelines for the in-service inspection and
monitoring capabilities believed necessary for any reactor plant
that CEGB might purchase and operate. Later in the paper these general
guidelines were interpreted into recommendations specific to LMF3Rs.
From these recommendations the proposed scope of in-service inspection
of many of the critical within reactor vessel components were derived.

The views and detailed recommendations made in reference 1 are considered
to remain valid for current LMFBRs. The objective of the present
paper is to use reference 1 as a data base and to evaluate reliability
targets based on both safety and economic criteria for selected critical
components of the primary and secondary sodium circuits. Possible
causes of loss of reliability of these components are discussed and
in-service inspection and monitoring methods identified which could
provide the necessary data on deterioration and failure mechanisms.
Many of these inspection and monitoring methods are inadequately
developed for LMF3Rs and comment is made on the areas where further
development work .is considered necessary.

In practice, achievement of the stated reliability targets will require,
in addition to early detection of deterioration processes and latent
failures by in-service inspection and monitoring, satisfactory methods
of evaluating component fitness for further operation. It will also
be necessary to develop acceptable methods of component repair and
revalidation that do not involve excessively long reactor outage
times. If removal of sodium and fuel is necessary for the repair
of essentially non removable reactor structures then provision of
storage facilities for fuel and active sodium will be required. =
Repair techniques using remote manipulators and the ability to cope =
with residual sodium films are also likely to be required. j|
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Previous UK and overseas LMFBR design studies have shown the core
support structure and diagrid to be critically important primary
sodium circuit components and the steam generator tube bundles to
be a critical secondary circuit component! These three components
have been selected for further consideration in this paper.

2. Reliability targets =

2.1 Core support system and diagrid =

Inspection of recent LMFBR designs shows that structural failure
of the core support system or diagrid could have serious safety
consequences, causing increases in reactivity and/or major
loss of flow through the core. The severity of the accident
would depend considerably on the speed and extent of failure.
Safety studies indicate that design target frequencies for
large scale accidents arising from either core support system
or diagrid failure should be less than 10~7 per reactor year.
Special design provisions may be necessary to assist in achievement
of such high levels of reliability, e.g. structural redundancy
and/or diversity, in addition to in-service inspection and
monitoring.

The economic consequences of failure of thirteen types of
structure within or part of the primary containment of a 1300MW(E)
pool type LMFBR have been assessed-^ for UK conditions. For
each of these structures four classes of structural failure
were considered, they are;
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a) Potentially dangerous failure, consisting of local-

ised defects or cracking for which a local repair
could be made or the component replaced. A minimum
outage duration was estimated.

b) Catastrophic failure, but consequential damage to
other components was assumed to be negligible and
fuel removal etc. was assumed not to be difficult.
A minimum outage duration was estimated.

c) Catastrophic failure, with significant consequential
damage to other components, causing severe problems
with removal of failed components and fuel. A cons-
ervative outage duration was estimated.

d) Catastrophic failure preventing further use of the
reactor and leading to a decision to replace the reactor.

The definition, of catastrophic and potentially dangerous failures
is as proposed by Smith and Warwick*3•>.

Outage durations were estimated for remedial works on all
of these structures and failure types. For each outage, replace-
ment energy and power costs were calculated using CEGB power
system cost data. To allow the effect of various levels of
structural reliability to be assessed, structural failure
probability was made a variable quantity. The replacement
energy and fuel costs for each outage were converted to an
annual cost of risk of outage by multiplying each outage cost
by a probability of occurrence. These annual costs were present
worthed using a discount rate of 10% and were obtained for
each type of structure and each type of failure and for a
wide range of failure probabilities. If discount rates lower
than 10% are used the present worth risk of outage costs are
increased. The present worth cost of risk of outage values
thus obtained for the strongback, i.e. the structure that
supports the diagrid, are given in Figure 1. Figure 1 is plotted
to a base of combined failure probability, i.e. the probability
of occurrence of either a catastrophic or potentially dan-
gerous failure.

Based primarily on Smith and Warwick data^'5 the probability
of a potentially dangerous failure is estimated to be approximately
10 times greater than the probability of catastrophic failure.
This value is used for structures where leakage is unlikely
to be tolerated, where safety implications can arise or where
due to loading and/or thermal cycling conditions significant
crack or defect growth rates may be expected. The factor is
reduced to below 10 for structures which may be damage tolerant
or are believed to Be subject to low steady state and cyclic
stress conditions.

If for a given type of structure, its initial cost is est-
imated for both normal nuclear and various lower standards
of design and manufacture, then an approximate relationship
between initial cost of structure and its combined failure
probability can be derived,. This data allows curves of the
type shown in Figure 2 to be drawn, which exhibit an economic
optimum failure probability. The initial cost/failure pro-
bability relationship is drawn as a straight line on log/log
scales which tends to overestimate the economic optimum fail-
ure probability. The assumptions made in the analysis have
been chosen where possible to underestimate the optimum structural
reliability, i.e. outage times and costs, repair costs, new
fuel etc. have been underestimated, hence underestimating
the risk of outage costs and the optimum structural reliability.
The analysis was considerably simplified by the assumption
that failure probability of a given structure did not vary
during its life. This also was believed likely to underestimate
the risk of outage costs as pressure vessel failure data^
shows that over 60$ of failures occurred in vessels less than
10 years old. Only 2^% of failures occurred in vessels more
than 25 years old. A sensitivity analysis has shown the optima
not to be greatly affected by quite large movements of the
initial and risk cost lines in Figure 2, for various structures.

If a level of pre and in-service inspection and monitoring
of reactor structures is provided which is comparable with
that used on conventional boiler steam drums and LWR plant
then it is considered probable that potentially dangerous
failures will be up to 10 times more frequent than catastro-
phic failures and curve A in Figure 1 will apply. If the provisions
for in-service inspection and monitoring are less effective
than this and are not capable of detecting potentially dangerous
failures before their progression to catastrophic then curve
B or C in Figure 1 applies. Curve B is based on a minimum
outage duration; Curve C is based on a less optimistic estimate
of the failure conditions and consequent outage duration.
Curve D in Figure 1 assumes very severe failure conditions
resulting in a decision to replace the reactor. The risk of
outage costs given in Figure 1 become excessive at combined
failure probabilities above about 10~3 events per structure
year (s.y.) (approx.l0~3 to 10~events per s.y. as catastrophic
failure). At a combined failure probability of 10~3 per s.y.
the present worth risk of outage costs approximates to the
initial cost of the structure. At these levels of risk costs
it is not surprising that the economic optimum catastrophic
failure'probabilities for the strongback are found to lie
in the range 10~4 to 2 x 10~^events per s.y. depending on
the level of pre and in-service inspection and monitoring
provided. 'The range of economic optimum catastrophic failure
probabilities for all,reactor structures considered was in
the range 10~* to 10 per s.y. depending on the type of structure
and level of inspection and monitoring provided.
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These levels of reliability may be supported by common sense
arguments. For example, assume approximately 30 distinguishable
structures within a pool type reactor having a lifetime of
30 years. At an average catastrophic failure probability of
10" 3 events per structure year for all structures, then there
would be one catastrophic failure in each reactor lifetime.
Most Utilities would probably not consider this to be a sensible
reliability target and would presumably also consider 10~4
per s.y. or one catastrophic failure in every 10 reactor
lifetimes, to be a not very attractive prospect. On this basis
a catastrophic failure probability of 10~5 per s.y, would
seem to be a more sensible design target .

2.2 Steam generator tube bundles

The sodium/water reaction conditions used either directly
or indirectly in the design conditions and design basis acc-
ident conditions (DBA) for the IHX, secondary circuit pipe-
work and steam generator pressure parts will be based on a
particular set of assumptions concerning the condition of
the steam generator component parts at the time of the reaction.

It will be necessary to demonstrate to a high level of rel-
iability throughout the operating life of the steam generator
that the condition of the tubes, tube plates, tube supports
etc. is not worse than that used in the DBA for IHX, steam
generator etc.

As IHX failure might have safety consequences in the event
of access of reaction products to the primary circuit, it
is possible that assessment of SGU condition during its op-
erating life may be a mandatory requirement of the Utility
and Safety Authorities. These requirements are likely to
also extend to the need for periodic testing of protective
equipment e.g. leakage detection instrumentation and steam
generator isolation and dump valves etc.

If, in the reactor safety case, claims are made for the
rejection of decay heat via the steam generators or the secondary
sodium circuits then this is also likely to impose a reliability
requirement on the steam generator plant and hence a need
for periodic inspection and surveillance.

For most of the failure and deterioration mechanisms that
can result in sodium/water reactions, sodium leaks and steam
or water leaks (see Section 3.2) we have concluded that there
is a strong economic case for in-service inspection and
monitoring to reduce the frequency of such events. For most
practical cases the steam generator outage cost caused by
in-service inspection and monitoring is believed to be nil
or negligible. Such inspections may be timed to coincide with

planned outages for statutory steam plant inspections or with
planned outages needed for reasons such as re-fuelling, chemical
cleaning or periodic overhauls of steam generator or turbine
plant. In these cases the reduction in risk of outage costs
due to all types of leakages is greater than anticipated development
costs of the inspection and monitoring techniques described
later in Section 4-2 and possible changes in steam generator
initial cost arising from any design changes necessary to
allow these techniques to be used.

3. Possible failure and deterioration mechanisms

3.1 Core support system and diagrid

The possible deterioration and failure mechanisms that could
occur on these components have been discussed in some detail
in our earlier paper and are summarised in Table 1. It must
be remembered that the data given in Table 1 is not intended
to be exhaustive and is a future projection based on limited
world experience of large IMFBRs and more extensive, but not
wholly applicable, experience of gas and water cooled reactors.
CEGB and other experience 1>">7 has shown that predictions
of the behaviour of structural and pressure part components
during their service life are subject to considerable uncertainty.
It is not unreasonable to conclude that substantial operating
experience must be obtained from a number of similar reactors
before one can be certain that a very large proportion of
the damaging processes can be adequately foreseen and accounted
for during the design process. It is from this general background
experience on existing nuclear and conventional power stations
that the importance of regular and systematic assessment of
reactor component condition during its operational life becomes
evident.

The reliability target given earlier in Section 2 for safety
criteria sets extremely high standards even for structures
with redundancy and/or diversity in a new state at the time
of initial commissioning. For example, data compiled from
UK experience^ on unfired pressurized plant indicates the
following failure rates,

Potentially dangerous (99% upper bound confidence level) -
7.6 x 10~4 p e r vessel year.

upper bound confidence level) - 7.9 x 10~Catastrophic
per vessel year.

Although the sample of plant from which this data was obtained
was constructed to conventional plant standards and practices
in ferritic steel and hence is not fully relevant, this experience
does serve to illustrate the stringent conditions likely to
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Table 1. Core support system and diagrid of a pool type IMF3R - some
possible deterioration and failure mechanisms

Component

1 Primary vessel

2. Strongback and
strongback/
vessel joint.

3. Diagrid

(a)
(i)

(ii)

(iii)

(b)

(i)

(ii)
(iii)
(iv)

(c)

(d)

(e)

(f)

(a

Deterioration mechanisms

Leakage of sodium arising from,
deterioration of manufacture defect or incorrect
materials or incorrect fabrication.
penetration by loose object via fretting
mechanism
long term degradation of material properties
due to environmental conditions and ageing
etc. Long term effects of microstructure of
material and residual elements are uncertain.

Rupture at transition weld and roof joint
arising from,
Mechanical and thermal fatigue, e.g. caused
by insulation/cooling system malfunction
Stress corrosion cracking
As for (iii) above.
Nitriding

Fatigue failure due to acoustic excitation
particularly in regions of high mechanical
and thermal stress concentrations.

Buckling or high local geometry induced strains
due to excess external pressure or non uniform
loading or ratchetting effects due to sodium
level fluctuations.

Deformation due to incorrect materials, incorrect
fabrication, thermal effects, variations in
material properties and stress relaxation,
excessive or impact loading.

Thermal fatigue due to local sodium temper-
ature transients, sodium temperature stratif-
ication and asymmetric conditions.

i); (a ii): (a iii); (c); (e) and (f) given
above

(g)

(a

Fast fracture due to incorrect materials, incorrect
fabrication or degradation of material properties
by irradiation and ageing etc.

i); (a ii); (a iii); (c); (e); (f) and (g).

apply in all of the areas that can affect LMFBR structural
reliability. Very high standards of design, manufacture, quality
assurance and pre-commissioning inspection and test will be
required. Evidence will be required throughout the operating
life of the reactor that adequate levels of reliability are
being maintained.

3.2 Steam generator tube bundles

Despite advances made worldwide in the design, development,
manufacture and operation of nuclear steam generators, tube
failures and water/steam leakages still occur. °j9)10simiXar
experiences occur with modern high pressure conventional boiler
plant11 although in this case the problems linked with radiant
heating and fuel side corrosion or erosion do not apply. However,
the large number of conventional boilers provides an interesting
statistical base; Table 2 below summarises CEGB operational
data over a recent 2 year period for 132 boilers on generating
units of 1OOMW(E) and above.

Table 2. Some causes of conventional boiler tube failures

Cause

Tube supports and attachments.
Overheating, long term and trans-
ient
Defective welds
Internal corrosion
Internal blockage due to oxide
spalling etc.
Mechanical damage
Defective tubes
Operational factors
Miscellaneous reasons

% of total tube failures

14.6

14.1
10.8
4.3

6.0
5.2
4-9
1.0
7-9

Specific tube failure causes mentioned in the LWR boiler tube
surveys"'" are, pitting corrosion, stress corrosion cracking,
fretting, intergranular corrosion, tube denting, tube corrosion
and wastage.

Table 3 lists tube bundle failure and deterioration processes
which', on the basis of CEGB and other overseas Utility exper-
ience, are believed relevant to current LMFBR designs.
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Cause of Leakage

Stress corrosion
cracking due to NaOH
(Sodium or Waterside).

Stress corrosion
cracking due to NaCl
or acid sulphates
(Waterside).

Initial defects in w*ld.

i-iu.tial defects in tnhe.

Erosion/corrosion
(Waterside).

Waterside corrosion
due to local
concentration of
aggressive chemicals*

Th--mal.or mechanical
£ pie.

Fretting and wear at
tube supports.

Tubeplate and tube/
tubeplate weld failure.

Water or steam side
oxide cracking or
detachment <

Conditions to
cause failure

Stress and local

and appropriate
temperature range and
adequate time for crack
initiation and growth.

As above.

Inadequacies in weld
process control, etc.

Faults in tube
manufacture.

Damage may'be greatest
for water temps 120-220 C
Helatively high mass
velocities.
Worsened by reducing
conditions, etc.
pH level is important;

Presence of aggressive
chemical and local
concentration site and
adequate lifetime of
concentration site.

Inadequate design and
test work.
Tube support
deficiencies etc.
Temperature fluctuations.

As above.

SCC, creep and/or
thermal fatigue, thermal
shock, initial defects.

Principally thermal
cycling and shock
effects on the oxide
films. Hay also occur
at the DNB zone

Approximate
probability
of leakage

Higto if all conditions
for Stress corrosion
cracking (SCO) are
present.

As above.

*v Tin 10"^ to 10**5 per
year for new weld
process. « 1 in 10~5
to 10-6 per year for
fully tried process.

Snail leaks* ~ 8. x
1Q-7 leaks/yr. m «
Largo leaks *» 3 x 10"'
to ? x 10"° leaks/yr. m.

Risk greatly reduced
if tests made on
specific geometries and
suitable design changes
made.

High if all the
conditions for
corrosion are present.

Low if adequate test
work was done. Can be
difficult with some
tube geometries.

Lifetime wear estimates
can be extremely
uncertain.

High if the conditions
for SCC are present.
Also high if thermal
fatigue etc.
inadequately assessed
during design stage.

Low if periodic
inspection is
adequately frequent.
Test program should
indicate problem
areas.

Type of hole

Crack-
Can be circumferential
or longitudinal

As above.

Small hole or slit or
crack.

Small or large hole or
slit.

Crack or hole.

Craok, small or large
hole.

Vibration can produce
transverse cracks, can
open to a large hole.
Thermal fatigue can
cause various types of
crack*

Can be a small or large
hole.

Crack or slit.

Tube wall thinning
causing a crack or hold.

Remarks

SCO can also occur in
pure water with some
materials.
Risk normally greatest
at welds but can also
occur in high!/
stressed parts of tube.

As above.

Greater probability of
leaks in first five
years of operation.

As above.

Normally in economiser,
oftaa in or close to
inlet orifice. Risk
greater with carbon and
low Cr content steels.

Concentration sites
are:-

(a) thick porous oxide
« >"5O - 7Qum

at faulty welds
(c) phase separation
(d) at dryout zones.

High risk areas can
often be identified for
vibration or thermal
cycling damage.

Gross tubeplate failure
unlikely due to close
pitching of holes and
if leak detection is
provided.

Can provide debris/
deposits to induce
waterside corrosion or
erosion or blockage
failures.
May require chemical
cleaning to be carried
out.



4- Component surveillance and inspection considered necessary to meet
the reliability targets

In all of the cases considered here, very high standards of design,
development, Quality Assurance, manufacture and pre-service inspect-
ion and test will be necessary to provide sufficient assurance that
the reliability targets given in Section 2 can be achieved on the
plant in the as new state at the time of initial commissioning.

4-1 Core support system and diagrid

It may be possible by various design actions, e.g. incorporation
of redundancy or diversity, to claim at the time of initial
reactor start up that the reliability targets based on safety
criteria can be achieved It is currently very much more difficult
to establish that these reliability levels are retained throughout
subsequent reactor operation.

It can be seen from N.g.1 that for the one structure considered,
at a combined failure probability of 10~4 events per s.y.
there is a reduction in present worth cost of risk of outage
of up to approx. £1 x 10° if a level of in-service inspection
and monitoring is provided which is capable of detecting potentially
dangerous failures before .they progress to catastrophic.
If the majority of the in reactor structures are considered
then the reduction in cost of risk of outage is estimated
to,most probably lie within the range £30 x 10° to' £500 x
10 for each reactor. We conclude on the basis of these figures
that there is a strong economic case for in-service inspection
and monitoring which can detect failures at the potentially
dangerous stage.

At a catastrophic failure probability of 2.75 x 10~3 per s.y.
the present worth cost of risk of outage for all of the in
reactor structures considered is £320 x 10 to £730 x 10 for
one 1300 MW(E) reactor if failures cannot be detected at the
potentially dangerous stage. These very large costs are a
measure of the economic risk of large LMFBRs unless high levels
of structural reliability are achieved.

These estimates of cost of risk of outage and optimum failure
probability are necessarily approximate; for this type of
estimate it would be unreasonable to claim a higher degree
of precision. However, they are believed to be representative
of current UK conditions and to provide an indication of the
probable significance of the costs of structural failure.

12
ASME current proposals are for periodic volumetric inspect-
ion and continuous monitoring of 100% of circumferential dissimilar
welds, together with visual inspection and continuous monitoring
of other welds in a pool type reactor vessel. Volumetric inspection
of 100$ of welds in structural members of a ferritic reactor deck
(or roof) and 33$ of structural welds in the rotating plugs
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12 12

is required by ASME at each inspection. ASME also propose
visual inspection (remotely by optical and lighting equipment
or under sodium scanning or remote dimensional gaging) of
the core support structure within the reactor vessel and of
the diagrid. This visual inspection is to cover essentially
100% of these components and has the objective of determining
their general mechanical and structural condition. The presence
of loose parts, debris and loss of integrity at bolted or
welded connections to these components is also to be detectable.
The installed location of each removable or non welded item is
to be verified.

Periodic inspection and surveillance of the type proposed
by ASME has not yet been adequately developed for applica-
tion to pool type IMFBRs (particularly for structures under
sodium and for ultrasonic inspection of thick section austenitic
weldments). However, assuming successful completion of development,
the ASME proposals should allow reliability levels to be achieved
which approach the target values given in Section 2.1 for
both safety and economic criteria.Accordingly we support
the current proposals made by ASME as a minimum capability
for these components, assuming that adequate levels of structural
redundancy and/or diversity are also provided.

This view on the ASME proposals has been formed while
recognising that pther inspection and surveillance techniques
may be developed 1J13J14 g ^ m ay provide an assurance of reliability
equivalent to, or better than, that achievable with the ASME
proposals. Our preference remains for a level of in service
inspection and monitoring and lead materials monitoring etc.
as described in reference 1. It is disappointing that development
work on the procedures and techniques proposed by ASME and
other optional methods is at a low level both in the UK and
overseas. Commercialisation of the IMF3R may be difficult
until reasonably efficient inspection and surveillance
techniques for these and other components are in sight.

4.2 Steam generator tube bundles

It is strongly advised that in-service inspection and
surveillance techniques are used which can detect damaging
processes before they have progressed to leakage initiation.
Some processes such as stress corrosion cracking can occur
in a very short timescale and in this case careful monitor-
ing of the chemical environment on both sides of the tube
will be particularly important. Our studies have shown that
there is an economic case for the use of such in-service inspection
and surveillance techniques.

Consideration of the damaging processes described in Table 3
(the list is not intended to be exhaustive) has led to the
inspection and monitoring proposals given in Table 4- It is
envisaged that only a small fraction of the tubes will be
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periodically inspected. The number and location of tubes
to be inspected will be dependant on the tube bundle design
and on the development work (and relevant operational
experience) carried out to identify the tubes most at risk
for each of the possible damaging processes.

The current ASME proposals*2 are to volumetrically inspect,
during the 1st inspection interval, 3% of the heating surface
of each steam generator together with provisions for sodium/water
leakage detection. 3$ may provide a design guideline until
sufficient specific design and development data is available
on possible failure and deterioration processes which would
then allow a more precise evaluation to be made. It should
be noted from the data in Table 4 that in addition to volumetric
inspection of tube and welds the following inspection capabilities
are necessary; visual and surface NDT of tube and weld bore;
detection of cracks on tube and weld QD; tube bore gauging;
waterside oxide characterisation, eg thickness measurement;
tube wall thickness measurement. Local or complete oxide removal
by chemical cleaning etc may be necessary together with acoustics,
loose parts and chemical environment monitoring.

Our recommendations in Table 4 above are all aimed at sodium/
water reaction prevention and consideration is not given here
to methods of sodium/water reaction detection or leak detection.
We fully endorse however, the need for fast acting and sensitive,
proven methods of detection of water/steam leakage into sodium
and for sodium leaks to atmosphere.The development of efficient,
rapid methods of leak location which provide an unambiguous
identification of the leaking tube or weld is also necessary.
Additional provisions such as lead materials monitoring are
described in reference 1.

5. Conclusions

5.1 Core support system and diagrid

Safety studies2 indicate that design target frequencies for
large scale accidents arising from either core support system
or diagrid failure should be less than 10~? per reactor year.

Investigations by CEGB^ of the possible economic consequences
of structural failure of 13 types of structures within or
part of the primary containment of a 1300 Mtf(E) pool type
IMF3R has shown that their economic optimum catastrophic failure
probability was in the range 10~4 to 10~" per structure year.

TABLE k STEAM GENERATOR TUBE BUNDLES - I t l SERVICE INSPECTION AND MONITORING PROPOSALS

Cause of Leakage

Stress corrosion
cracking due to NaOH
(Sodium or Waterside).

Stress corrosion
cracking due to NaCl
or acid sulphates
(Waterside).

Initial defects in weld.

Erosion/corrosion
('-'•'•erside)-

Waterside corrosion due
to local concentration
of aggressive chemicals.

Thermal or mechanical
fatigue.

Fretting and wear at
tube supports.

Tubeplate and tube/
tubeplate veld failure

Water or steam aide
oxide cracking or
detachment.

Type of in-service
inspection

Visual and surface NDE
of tube and weld bore.
tube and weld O.D. -
methods to be developed.

As above*

Volumetric inspection.

Visual inspection and
gauging (if needed) of
bore side.

Visual inspection of
bore.
Oxide characterisation,
e.g. thickness

Volumetric and surface
inspection.

Tube wall thickness
measurement.

Visual and volumetric
inspection.

Visual inspection.
Oxide characterisation,
e.g. thickness
measurement.

Interval between
inspections +

years

2-3.

As above.

As above.

As above.

As above.

As above.

As above*

As above.

As above.

As above.

Monitoring methods,
addtl. to inspection

Chemical environment to
be monitored on both
sides of tube.

Chemical environment to
be monitored.

*
Chemical environment to
be monitored*

•
Chemical environment to
be monitored.

Acoustics and loose
parts monitoring.

As above.

Kemarks

Presence of sodium will
make inspection of tube
O.D. difficult.

Done for suspect welds
in high risk areas.

As above.

Done for higher risk

Particular attention
paid to welds, bends and
shallowly inclined tubes.

Done for higher risk
tubes and areas.

As above.
Oxide removal or
thickness measurement
may be needAdT

Particular attention
paid to risk areas and
wolda.

Particular attention.
paid to previously
identified problem
areas*

Inspections should be arranged to coincide with planned, shutdowns for other purposes.

Normally done at tube bundle inlet conditions and in relevant parts of feed water system and secondary
sodiura circuit .

Other types of inspection may be necessary for leak location purposes, this is a special purpose usage which
is not included in this table-
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The value of economic optimum failure probability was found
to depend on the type of structure and whether or not failures
could be detected by in-service inspection or monitoring at
the potentially dangerous stage. The investigations also
indicated, see Figure 1, the very severe costs of risk of
outage arising from these 13 types of structures at combined
failure probabilities much greater than 10~3 per structure
year and if the failures were not detected at an early stage
in their development. Following consideration of this data
it is proposed, for most of the structures considered, that
a design target catastrophic failure probability of 10~-> per
structure year is used to meet economic criteria.

On the basis of the economic assessment reported in this paper
it is concluded that there is a strong economic case (£30 x
10" to £500 x 10° saving per reactor) for in-service inspection
and monitoring which can detect failures at the potentially
dangerous stage. If the above design target structural relia-
bilities are not achieved it is shown that, for UK conditions,
very large cost penalties can result.

Possible failure modes and damaging processes are given in
Table 1. Appraisal of these processes in conjunction with
the above reliability criteria and targets has led to the
conclusion that the pre and in-service inspection and monitoring
proposals given in reference 1 remain valid. The pre and in-
service inspection and monitoring proposals currently made
by ASME-^ for IMFSR plant are supported as a minimum advisable
capability. For these inspection and monitoring proposals
to be successfully applied to commercial IMF3R projects, optional
access and sensor transportation routes together with structure
geometries and conditions etc should be evaluated and suitable
provisions made at the design stage.

Based on present information and designs,structural redundancy
or diversity is likely to only partly meet the safety criteria.
For reasons of safety, some means of assessing the degree
of redundancy retained during life and of the operational
behaviour of the structure is believed to be necessary. Depending
on the design of structure the current ASME proposals Tnay
meet the whole or part of this need.

When structural faults occur, the high cost of IMFBR outage
on the UK system will require that the fault is efficiently
and rapidly repaired. This requires a capability for unambig-
uous early diagnosis of the fault by inspection or other means,
and design provisions made for the necessary remedial work
which may involve removal of fuel and sodium. An important
consideration is the determination of acceptable conditions
and work procedures in the reactor vessel during the time
of the repair. Much more work remains to be done in this area.

In both Europe and overseas, large IMF3Rs are either being
built or are in an advanced stage of design and planning.
Despite this high level of activity the progress of work aimed
at the realisation of satisfactory in-service inspection and
monitoring of in reactor structures is disappointingly slow.
The economic investigations reported in this paper show that
commercialisation of LMFBRs may not reasonably be claimed
until practical methods are produced for in-service inspection
and surveillance, fault diagnosis and repair of defective
in reactor structures.

5.2 Steam generator tube bundles

Worldwide experience with conventional and nuclear steam generators
has shown the advisability of water/sodium reaction prevention
or avoidance in addition to the provision of both protective
equipment and rapid, sensitive methods of leakage detection.

Pre and in-service inspection and monitoring of the tube bundles
is a critically important means of reducing the probability
of water/steam and sodium leakages either to each other or
to atmosphere.

Reactor and operator safety criteria are expected to require,
for most designs, that the assumptions used in the design
basis sodium/water reaction for the IHX and steam generator
are shown to remain valid throughout their operating life.
Any claims for removal of decay heat via the steam generators
may also impose reliability requirements on them. To meet
these two requirements the condition of the tube bundles and
any associated protective equipment will require periodic
in-service assessment.

Our investigations also show that there is a strong economic
incentive to provide facilities for in-service inspection
and monitoring of the tube bundles. It is conditional in this
statement that the design allows periodic inspections to be
mostly carried out within the duration of the planned shutdowns
for maintenance etc.

Table 3 provides data on the probability and reasons for occurrence
of various damaging processes that have occurred in UK and
overseas steam generators. Proposals for inspection and monitoring
methods to detect at an early stage such processes are given
in Table 4-

A large proportion of the in-service inspection and monitor-
ing processes referred to in Table 4 have yet to be developed
for many of the current IWF3R steam generator designs. In
practice their ease of application may be considerably
affected by differences in access to the tube bores, fabrication
details and tube geometry.
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The current ASME proposals , i.e. volumetric inspection
of 3^ of heating surface, are supported as an initial guideline.
In our view however, additional monitoring and inspections
are necessary as given in Table 4-
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QUELQUES REFLEXIONS SUR LA SURVEILLANCE EU EXPLOITATION
DES REACTEURS RAPIDES EN FRANCE

L. PIERAZZI ET PH. VERRIERE
DRNR/BCS
Centre de Cadarache
St. Paul lez Durance
France

La surveillance en exploitation des réacteurs

rapides en FRANCE fait l'objet d'une définition très

générale gui est de s'assurer que les matériels sont

aptes à remplir la fonction pour laquelle ils ont été

conçus. Il n'y a pas de réglementation précise compte

tenu de l'évolution encore rapide de cette filière et

de sa jeunesse.

Le programme de surveillance en exploitation

pour le réacteur Super Phénix comme pour les suivants

est en cours d'élaboration avec les Autorités de Sûreté

Néanmoins, il est possible de préciser les limi-

tes de la surveillance en exploitation en examinant la

finalité des opérations que l'on peut envisager. C'est

ainsi que l'on distingue trois types d'opérations de

surveillance :

- Type 1 : La surveillance des fonctions qui ga-

rantissent la sécurité de l'environnement et des popula-

tions.

- Type 2 : La surveillance des fonctions ou des

composants dont la perte, sans mettre en cause l'envi-

ronnement, peut conduire à une indisponibilité momenta-

née de la Centrale.
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- Type 3 : La surveillance des fonctions ou des

composants dont la perte est irréversible.

La surveillance de type 1 est bien entendu obli-

gatoire et doit de ce fait, être conduite suivant un

programme et avec des moyens homologués, en accord avec

les règles de procédure d'assurance de la qualité. Ce

type de contrôle est à inclure dans la procédure d'ob-

tention de la licence d'exploitation.

Il est clair que cette surveillance doit être

prise en compte dès la phase de conception pour que

son application soit compatible avec l'exploitation

et n'apporte pas de sources d'incertitudes ou de ris-

ques supplémentaires.

La surveillance de type 2 n'a pas le même carac-

tère obligatoire. C'est à l'exploitant d'en étendre le

champ d'application à toutes les fonctions pour lesquel.

les il a mis en balance son coût et le gain en disponi-

bilité, compte tenu des critères d'entretien qu'il a

retenu.

C'est aussi au niveau de la conception que cette sur-

veillance doit être définie et optimisée en élargissant

et en simplifiant les possibilités de remise en état

des matériels.

La surveillance de type 3 a un intérêt particu-

lier dans une filière en cours de développement comme

la filière rapide. Dans ce cas, la balance doit être

faite entre son coût et la valeur des informations que

cette surveillance peut apporter pour les tranches

suivantes.

X
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Comme cela est mis en évidence dans le projet

de règles de la Division 3 du code ASME Section 11 pour

les réacteurs rapides, les moyens d'inspection privilé-

giés doivent être les systèmes de detection.de fuite,

les mesures de déplacement et d'état superficiel des

structures alors que,pour les réacteurs à eau légère,

la préférence est accordée aux inspections métallurgi-

ques volumiques. Ceci est dû au fait que pour les réac-

teurs rapides, les conditions les plus sévères résultent

des champs thermiques alors que pour les réacteurs â eau

légère ce sont les contraintes primaires dues à la pres-

sion qui conditionnent la tenue des matériels.

Les fonctions principales de sûreté qui sont

du ressort de la surveillance en exploitation de type 1

sont l'arrêt du réacteur, l'évacuation de la puissance

résiduelle et l'étanchéité vis-à-vis de l'environnement

Les deux premières fonctions sont bien assurées

par la diversification et la redondance des moyens qu1

elles utilisent. Toutefois, la défaillance de la fonc-

tion de supportage du coeur constitue un mode commun de

défaillance de ces fonctions. Encore faut-il que le sup-

portage soit soumis à un mode de ruine c'est-à-dire à

des conditions,au minimum faulted.

La fonction d1étanchéité, par contre, doit être

assurée dans toutes les conditions.

On voit donc tout l'intérêt de séparer au niveau

de la conception, la fonction de supportage de la fonc-

tion d'étanchéité, parceque cela procure une redondance

structurale et minimise les contraintes de la structure

ultime d'étanchéité.

La conséquence directe de cette conception est

que la surveillance en exploitation de la fonction de
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supoortage peut se limiter à des mesures de déplacements

qui donnent une idée suffisante de la santé des structu-

res concernées. D'autre part, le niveau des contraintes

primaires et secondaires étant faible sur la structure

d1étanchéité, sa surveillance en est simplifiée.

Cas de Super Phénix.

Le caractère prototype commercial de ce réacteur

a conduit naturellement à un programme très élargi de

surveillance en exploitation.

Une grande redondance de capteurs de différentes

natures (température, vibration, contrainte, déplace-

ment...) assure un suivi détaillé des paramètres d'ex-

ploitation.

Une partie seulement de ces capteurs entre dans la

surveillance en exploitation de type 1. Le reste des

moyens de surveillance est destiné à recueillir toutes

les informations nécessaires au développement de la fi-

lière. Parmi ces moyens figurent un système d'inspection

de l'espace entre la cuve principale qui assure la fonc-

tion de supportage du coeur et la cuve de sécurité qui

assure la fonction d'étanchéité. L'objectif de ce systè-

me est décrit dans une autre communication qui sera pré-

sentée au groupe de travail.



SESSION 2

SUPER PHENIX 1 : IN-SERVICE INSPECTION OP MAIN
AND SAFETY" TANKS WELDMENTS

M. ASTY, DTech/STA
J . VERTUT, DPR/STEP
Centre d 'E tudes N u c l l a i r e s de SACLAY
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In Service Inspection of the main tank of the Super Phenix 1 reactor is a new

demand as compared to Phenix : the authorities have asked that surface and

internal defects could be detected and their evolution monitored in the future.

The presence of thermal baffles inside the main tank precludes the access on

that side : the distance between the main and safety tanks takes into account

the room needed for an In Service Inspection module.

An inspection vehicle is presently under development, which includes ultrasonic

examination (focussed probes) and visual examination (TV cameras) capabilities.

We briefly describe the techniques that have been selected for ultrasonic testing

and also for the vehicle and its guidance between the tanks.

Figure 1 shows a section view of Super Phenix 1 : access to the main tank

weldments can only be achieved from the outside, i.e. from the space

between main and safety tanks.

Special techniques of ultrasonic testing have been developed, to gether with

a vehicle fitted to In Service Inspection conditions.

II- IN-SERVICE INSPECTION CONDITIONS

In-service Inspection will take place during the fuel handling operations.

The temperature conditions will then be 180°C on the main tank and 130°C

on the safety tank. The gas between tanks is nitrogen.

Both tanks are built with austenitic stainless steel plates, 25 to 60 mm

in thickness for the main tank and 25 to 30 mm for the safety tank. The

tanks (figure 1) hang from the slab which is fitted with 12 man-holes of

oval shape (700 x 440 mm) through which the In-Service Inspection vehicle

can be inserted. A thermal barrier at the upper part of the tanks provides

adequate insulation of the slab which is water-cooled to room temperature :

the In-Service Inspection vehicle will cross the thermal barrier in order

to have access to the tanks weldments. In cold conditions (tanks at room

temperature) the in-between-tanks interval is 700 mm. During the In-Service

Inspections, due to thermal expansion, it will be reduced to ca.600 mm.

III-IN-SERVICE INSPECTION DEVICE

I - INTRODUCTION

In Service Inspection of the main tank of the Super Phenix 1 reactor is a

new demand as compared to Phenix : the authorities have asked that surface

and internal defects could be detected and their evolution monitored in

the future.

Because of the geometry of the reactor and also of the previously mention-

ned In-Service Inspection conditions, a special device was developed which

includes :

- the vehicle carrying the ultrasonic and visual testing equipment.

- a winch and shoot assembly preventing any damage to the thermal barrier

- a computer-assisted control system.

o
o
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- a composite cable supplying the vehicle with the necessary electrical power

and fluids.

1II.1 Vehicle

It was given the code name MIR (Machine d'Jjispection pour reacteurs

Rapides). Figure 2 shows schematic views of MIR, consisting of two

steering traction-wheels resting on the tank to be examined and two

lever-arms applying pressure on the opposite tank by means of spring

mechanisms. The overall dimensions are 1800 mm in length and 560 mm

in width. Its approximate weight is 250 kg.

Both wheels are independent. Each is activated by two electrical

motors. The direction of each wheel is encoded by a potentiometer cou-

pled to the steering motor. Two tachometers monitor the rotation of the

wheels. A sphere rolling on the same tank as the wheels, encodes in two

perpendicular directions the true path covered by the vehicle. A poten-

tiometer is coupled to the lever-arms, so as to measure the interval

between tanks.

When inserting, but above all, when extracting the vehicle, it is

necessary to minimize the force acting on the thermal barrier : the

pressure exerted by the lever-arms can be counterbalanced by hydraulic

jacks.

The inspection devices on board the vehicle are :

- closed circuit TV cameras for weldments examination guidance of the

vehicle in the interval between tanks and general viewing of the

environment.

- an ultrasonic testing device using focussed probes which is adapted to

the material, plate thicknesses and weldment types to be examined.

All the visual examination is done with two TV cameras of standard cha-

racteristics. The first one which is devoted to environment surveillan-
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ce, has a simultaneous backward and forward viewing capability. It

will mainly be of use for inserting and extracting the vehicle and

also when the vehicle comes in the vicinity of a weldment to be exa-

mined. The second TV camera, on one hand gives images of the weldments

and on the other hand reads die stamped engravings on the only safety
tank. Appropriate optical systems are fitted to the TV cameras.

The die stamped engravings on the safety tank are representative of

the weldment arrangement of both tanks. A first set of engravings is

situated along the perpendicular projection of the main tank weldments

on the safety tank. Great care was exercised to minimize errors in

the projection process by taking into account the as-built dimensions

of the tanks and their relative movements caused by temperature dif-

ference or mechanical loading (sodium and internal structures in the

main tank). A second set of engravings follows the safety tank weldments

at some constant distance : thus, should it be asked, the safety tank

can be inspected too.

Each engraving consists of 4 characters, letter, numeral or sign. These

characters are drawn by several hemispherical impresses. The characters

are selected according to a code which avoids any ambiguity.

The focussed probes for ultrasonic testing are located inside a metal

structure filled with a coupling liquid which is retained by a special

gasket. The coupling liquid is Gilotherm RD whose compatibility with

stainless steel was checked and which has the necessary physical

properties : in particular, its vapor pressure allows complete evapo-

ration of the liquid film left behind the vehicle.

The focussed probes inside the metal structure move in an alternative

sweep perpendicular to the weld lines. A potentiometer encodes the

sweep movement which is greater than the width of the weldments.

Along some generating lines of the tanks> are located instrumentation

devices (thermocouples,...) which prevent access to the vehicle and



impedes the complete examination of some weldments. To minimize the

length of these zones, the vehicle can move crabwise : the ultrasonic

probe structure and the TV camera for weldments examination form a mo-

dule which rotates around the vehicle axis.

No spare coupling liquid is stored on the vehicle : a feed line is

included in the special cable which was previously mentioned.

The devices on board the vehicle, except the ultrasonic probes, cannot

operate at the ambient temperature during In-Service Inspection (from

130°C to 180°C), These devices are located in insulating enclosures

fitted with gas inlets : cooled nitrogen gas is fed through the cable

to each insulating enclosure, according to the temperature needed and

the heat to be dissipated.

III.2 Winch and shoot assembly

The winch continuously controls and minimizes the traction force and

torque excerted on the vehicle by the cable. The winch is located

(figure 3) about 6 m over the upper part of the slab. In case of

emergency, it can extract the vehicle from the interval between tanks.

A shoot assembly allows easy insertion and extraction of the vehicle

through the thermal barrier. The shoot assembly is fitted with closing

devices which prevent an oxygen pollution of the nitrogen atmosphere

in between tanks or a dangerous flow of hot nitrogen to the outside.

III.3 Control system of the MIR vehicle

It is achieved by a hierarchized computer system : a microprocessor

carries out elementary orders and checks their performance by the

motors on the vehicle. These elementary orders can be :

- a set point (for the steering wheels) ;

- a speed order (to the tachometers on the driving motors).

A mini computer determines and controls the logical sequence of ele-

mentary orders which is representative of the path that the vehicle

must follow. Thus, the mini-computer signals to the microprocessor

for an elementary order and receives in return an O.K. report or an

alarm signal, depending upon the situation.

On site, the control system is divided in two parts : near the winch

and shoot assembly, is the power equipment ; the control system itself

is located in a mobile van, some 120 m. away from the power equipment.

The ultrasonic and video-signals are conditioned in the power equipment.

III.4 Composite cable

Its duty is fourfold :

- supply the necessary electrical power to the motors on the MIR vehicle.

- transmit to the control system the signals from ultrasonic probes, TV

cameras and encoders.

- supply the necessary fluids :

. cooled nitrogen for temperature regulation.

. ultrasonic coupling liquid.

. supply of liquid to the hydraulic jacks that counterbalance

the pressure of the lever-arms when extracting the vehicle.

The composite cable has a diameter of ca. 40 mm and an extraction force

capability of 12 k.N at 180°C.

IV -ULTRASONIC EXAMINATION

Special high temperature focussed probes have been developed by adapting the

solutions which were adopted for the In-Service Inspection of PWR reactors.

Depending upon the type of weldments, different probes are fitted on the MIR

vehicle.
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IV.1 High temperature ultrasonic focussed probes

Figure 4 is a section view of a typical probe : a piezo-electric ceramic,

of the PZT type, is coupled by high temperature adhesive compounds, on

one side, to a focussing lens and on the other, to a damping block.

IV.2 Weldment examination

Longitudinal waves at an incident angle of 45° are used. The ultrasonic

energy is focussed in a cylinder, ca. 5 mm in diameter : well oriented

reflectors under 1 mm in size can thus be detected. As the length of the

focussing area depends among other parameters upon its diameter, the

complete examination of the thickest plates necessitates several probes.

Such a grouping of probes is shown in figure 5.

A V shaped weldment connects the core support structure to the main tank.

Its ultrasonic examination is done using a special arrangement of two

focussed probes (figure 6).

V - CONCLUSION

The structure of the Super Phenix 1 reactor and the conditions which are

met during In-Service Inspections have led to new developments.

A special In-Service Inspection vehicles named MIR, can move in all parts of

the interval between the main and safety tanks. It is fitted with appropriate

high temperature ultrasonic focussed probes.

figure 1 : schematic view of Super Phenix 1
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figure 2 : schematic view of the MIR vehicle figure 3 : winch and shoot assembly
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probe 1

probe 2

stainless steel plate

figure 4 : section view of an ultrasonic focussed probe
figure 5 : grouping of ultrasonic focussed probes for the

examination of thick plates



figure 6 : probe arrangement for a Y shaped weldment on the main tank

ACTIVITIES WITH REGARD TO RESEARCH AMD DEVELOPMENT
OP TECHNICS FOR SNR 300 REACTOR VESSEL IN-SERVICE
INSPECTION PROCEDURES
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During the development of SKR 300 inservice-inspection equip-

ment several branches were tested by experiment. In this re-

port especially steps for testing of manipulation systems and

additional engineering equipment for control systems, such as

coupling fluid circuit or-camera cooling system are considered

more in detail.

1. Handling and Manipulators

As concept of accessibility for inspections of the reactor

vessel outer surface a system of twelve vertical rail tracks

was developed, on which a hollow chain with guide wheels

and special examination vehicles on top is driven into the

annular gap between reactor tank and guard vessel. Inspec-

tion methods to be used were visual examination of surfaces

and volumetric testing of reactor vessel welds by ultrasonic

method.

For operational tests of the essential mechanical parts of

the inspection equipment a test rig was constructed and

built up. In a detailed programme the whole sequence of

motions for the examination vehicle with TV-camera dummy

and the hollow chain with guide wheels were tested at ambient

temperature and certain parts at operating temperature of

250° C in nitrogen atmosphere.
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The test equipment (fig 1) includes the important parts of

the handling system in reference size but with shortened . .

rail tracks. Parts of. the chain storage are fixed at a 5ib

arm on top of a mast of about 3,5 m height. The chain

transport wheel is driven by a three phase motor with self

locking worm gearing. The, chain with guide wheels is stored

in loops on slide rails. In height of the chain transport

wheel shaft the rail ends. The car elements of the chain

are inserted by the chain wheel on the conical end of the

rail. From there the chain runs along a S-shaped curve

through the adapter tube into the inspection pit. Below the

simulated inspection pit a second S-shaped rail passes over

into the inspection gap between reactor- and guard vessel.

Segments of these walls are installed in the test rig. The

length of the test chain with examination vehicle is about

10 m. The examination vehicle itself consists of the under-

carriage and the swivel arm, which can be turned when pas-

sing through the curves and raised pneumatically for inspec-

tion procedures. TV-camera dummies are fixed to the under-

carriage as well as to the swivel arm.

The following pictures will complete the description of the

test rig. .

Pig. 2 shows the upper part with the chain storage and

2 chain loops,' which contain 2 pneumatic hoses and a multi-

core cable. The mock up of the inspection pit is dismounted

here, so the examination vehicle with one camera dummy is

visible. •

In fig. 3 the hollow.chain with guide wheels is in its lower

position and the loops in the storage have nearly disappea-

red. Pig. 4 shows the chain transport wheel and the top of

the rail, on which the chain is mounted.

In fig. 5 the examination vehicle passes through the S-sha-

ped rail. The spring and pneumatic cylinder for sweeping and

locking of the arm with the camera are visible. In Pig. 6

the test vehicle has reached the segment of the annular gap.

Hail-System

First the set-up was outfitted with cylindrical shaped rails.

Meanwhile the Bethe-Tait-conditions had to be respected in

construction of inservice inspection equipment for reactor

vessel. So the rails which are attached to the guard vessel

must not impair the calculated extension of the reactor tank.

Therefore a triple rail track with 40 mm height at its maxi-

mum was developed. The triple rail track and the necessary

modifications of the chain guide wheels were tested in the

setup with all expected extreme load conditions. The results

were satisfactory.

The preliminary functional tests were finished here and the

results were considered in the construction of the test

equipment which is to be tested in a complete setup, des-

cribed in the last section.

2. Qualification of Coupling Mediums

Previous developments require a coupling medium for trans-

mission of ultrasonic energy from the probe to the test

surface.

The investigations described hereinafter refer to liquid

coupling mediums. Object was the determination of suitable

coupling substances according to the requirements in

table 1. Por further tests only those substances were chosen,

which matched with real reactor application with respect to

density, boiling temperature and viscosity.
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Especially high boiling oils and greases with carbon and

silicon structures were interesting (table 2).

Qualification tests for potential coupling mediums were

separated into two sections: In the first part examinations

under laboratory conditions were performed. To reach final

aspects for reactor application, a second series of experi-

ments was added. The laboratory tests dealt with thermal

behaviour, sodium and material compatibility of coupling

fluids. Earlier performed examinations determined the boil

away loss of organic greases and oils to enable a statement

on the behaviour at 250° C, to have an estimation of the

obtained oil vapor quantity in the inert gas and to know

the oil or grease residuals on the reactor vessel surface.

The result demonstrated different boil-away losses. Most

suitable products have 0,5 to 2,1 % loss of weight after

10 hours at 250° C.

In the next tests after excluding some substances the remai-

ning greases and oils were exposed to sodium at 250° C. By

this procedure undesired chemical reactions of the coupling

medium film with potential leakages of sodium should be

determined.

coupling medium film, heated up to 500° C, 600° C and 700° G

for 1000 hours under Nitrogen and at least analysed with a

micro-probe. The test result was very sufficient, and all

samples but one did not show any remarkable carbon concen-

tration profiles. Both elements Silicon and Nitrogen were

constant within the noise level.

To confirm the laboratory tests under real conditions, the

coupling substances were once more heated up to 250° G in

an open flat sheet basin for one hour. The quantity of coup-

ling medium corresponded to a film of about 0,6 mm. The

vaporisation conditions at the reactor vessel surface can

be simulated better by this great fluid surface than in

a laboratory flask. The result was that none of the tested

greases showed the required qualification.

Among the oils the products

Siliconoil AK 1000 of Wacker

Santovac 5 of Monsanto and

Siliconoil AP 150 of Wacker

were taken into consideration.

All checked greases and oils had no reactions with sodium

except a white or black skin on the sodium surface.

At least the compatibility of coupling substances with the

austenitic reactor vessel material X6 CrNi 1811 was tested.

As the chosen greases and oils consisted of silicon com-

pounds as well as of hydrocarbons, an examination of silicon

and carbon concentrations in the austenitic material had to

be performed. Because of Nitrogen-atmosphere of the inspec-

tion area an additionial test of Nitrogen concentration in

the steel was suitable. The sheet samples were coated with

Samples of the suitable coupling oils were inserted to FR 2

reactor for determination of the behaviour under radiation.

During 30 min the samples were irradiated with an integral
Q

dose of 10 rad, half neutron and gamma irradiation.

The summary of the results is given in table 3. Complemen-

tary tests with Siliconoil under simultaneous temperature

load of 200° C and irradiation of 10 rad/h are under per-

formance.



3* Coupling Fluid Circuit

Besides the qualification of suitable coupling substances

examinations were necessary to establish a coupling fluid

connection between US-probe and test surface and to guaran-

tee its function during the whole test period. Moreover the

coupling fluid should not drain into the gap between reac-

tor- and guard vessel. The test-surface was to clean

thoroughly without leaving residuals after measuring process.

The first aim of the trials was the development of an

efficient design to wipe off and suck out the oil from the

frame of the US-probe supporting structure without leakages.

In the tests the reference working conditions of this system

with regard to temperature and surface conditions of the

reactor vessel are to be guaranteed.

The concept provided a design of four US-probes on a single

probe support plate, which was framed by a sealing system.

For test purposes the support plate could be equipped with

different wipe off devices. With this construction brush

systems as well as Elastomere-strips were tested. Both wipe

off devices had a variable suck out-system for coupling

fluid. In case of one row of wiping system the suck off

holes were either inside or outside and in case of a double

row of wipers the oil was sucked off in the ring slot formed

by the rows.

The best conditions were obtained with a sealing system of

metal lips which are surrounded by a ledge of fluor elasto-

mere. During the further development some problems with the

integral sealing system for all US-probes arose, such as:

- variable curvature of the reactor vessel surface, for

example at nozzle welds.

- limited volume relations at the test positions,

- required force to press the probe support plate against

the inspection surface.

For these reasons some modifications at the coupling fluid

circuit were performed:

- to realise an individual configuration, each US-probe

should have a coupling fluid supply and a sealing system.

- special suck off systems between the sealing lips are

abandoned because of extensive dimensions.

- Minimization of the coupling fluid leakage into the gap

between reactor and guard vessel by means of sealing lips.

- a suck-out-system with appertaining handling mechanisms is

to be tested to remove the collected oil from the bottom

of the guard vessel.

For proof of the suitability of the corresponding outfit and

procedures tests were carried out:

- for the section of coupling fluid supply and sealing of

the single probes to the vessel wall:

On basis of individual supply of each ultrasonic probe

experiments are being performed to get an optimal acous-

tic coupling to the vessel surface. By wiping off the

silicon-oil from a vertical, curved metal surface accor-

ding to SHR-300 conditions, the consumption of coupling

fluid is determined to reach both a good ultrasonic tran-

sition and a minimum loss by leakage into the inspection

gap. In the tests US-probes are installed in the frame,

to have a continuous echo checking for the acoustic coup-

ling. By these tests all parameters will be found out to

43
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guarantee an efficient coupling of the ultrasonic probes

to the reactor vessel wall. A cardanic suspension of each

probe gives a combination of the necessary flexibility

and small coupling fluid consumption with a good stabili-

ty against tilting and lifting.

for the problem of sucking out the residual oil from the

bottom of the guard vessel:

For the selection of pumps or other conveyers the follo-

wing random conditions were given:

Temperature

radiation level

gap width

pressure head

self priming

minimum discharge

200

1,1

355

27

1

0 c
• 10 4 rem/h

mm

m

m

1/min

With regard to these aspects a pump system was chosen for

preliminary tests. A test setup was designed, which allowed

a variation of the important parameters. The tests proved

that under given conditions the pump system operates well

and matches with the quantitative tasks.

Camera System

For inspection of the SNR 300 reactor vessel a television

system will be used, which has two tasks:

- visual surface inspection of reactor- and guard vessel

- control of motions of the US-testmanipulators

Objects of development are the camera system itself and a

suitable cooling system for application at 180° C in the

inspection gap.

Criteria for the selection of suitable TV-cameras were irra-

diation resistance, allowed dimensions of the camera, opera-

ting range and optical qualities such as picture definition,

focal length, sensitivity, axial and radial sight.

In fig. 9 a TV-system for inspection inside the reactor ves-

sel, which will be modified also for outside inspection, is

shown. Because of the limited operating ranges of about

60° C for electronic cameras development and testing of a

special cooling system was necessary.

After calculations and tests with several different cooling

procedures a liquid cooling was favored.

5. Test Setup

After construction and performance of partical test of com-

ponents a complete test setup is being built at INTERATOM

as a conclusion of the development.

A summary of the total setup is given in fig. 10.

It was designed as a model of a segment of the SNR 300-reac-

tor vessel, where all important handling and test procedures

of the inservice inspection can be performed under original

conditions, such as scale, materials, temperature, atmosphe-

re, except radiation. Principal item for ultrasonic test

objects is a sodium filled test container with sockets and

vessel weldings corresponding to SNR 300 reactor conditions.

By inserting many different artificial flaws the combination

of all used components, manipulators, ultrasonic test- and

evaluation methods will be tested.

In the test programme at first the components such as the

inspection casket with internals, chain, manipulating-, ultra-

sonic-, and camera system, are tested.



Special object of the programme is the trying of the mani-

pulating systems for

- flange area

- spherical bottom

- socket weldings.

At the test temperature of 180° C the complete inservice

inspection procedure for SNR 300 reactor vessel wall is per-

formed with the complete assembly. This includes tests of

the inspection- and driving programs with automatic control

and evaluation procedures of the ultrasonic method.
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Tab. 1 Requirements on Liquid Coupling Substances

- low viscosity at operating temperature,

( v < 100 cST at 250° C)

- temperature stability up to 250° C

- low portion of volatile constituents up to 250° C

- no deposits of solid particles up to 250° 0

- no rise of viscosity at 250° C caused by longer

charging time

- suitable acoustic impedance

- compatibility with sodium and its reaction products

- compatibility with austenitic steel

- no cracking under reactor radiation conditions up

to 106 rad

- no reactions with inert gas Nitrogen in the

inspection area
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Tab. 2 Selected Coupling Substances for Tests

Nr. Name Manufacturer Characterisation Density Boiling
Temp.
oc

Viscosity

cSt

1

2

3

6

7
8

9

10

11

12

Santovac 5

AK 250

Diphyl

01ex WF 0801

Transcal 65

TK 44 N2

DC 44

500 medium

Gilotherme
OMD

Ultra-Therm

AK 1000

Cu-Paste

Monsanto

Wacker

Bayer

BP

BP

Kluber

Dow Corning
Wacker
Rhone-
Poulenc

Lauda

Wacker

Vacuumoil

Siliconoil

Oil, Phenylbasis

Hydraulicoil

Hydraulicoil

Silicongrease

Silicongrease

Silicongrease

Oil, Phenylbasis

Oil

Siliconoil

Grease with Cu-
powder

1,20 ( 20°C)

0,96 ( 25°)

1,06 ( 20°)

0,86 (250°)

0,72 (250°)

1.04 ( 20°)

1.05 ( 20°)

1,00 ( 25°)

1,07 ( 25°)

0,90 ( 20°)

0,97 ( 25°)

258

390

370

200

280

390

1,20 (265°)

250,0 ( 25°)

4,44 ( 20°)

0,33 (250°)

0,65 (250°)

3,30 (100°)

11,0 ( 50°)

0,93 (250°)
5,1 (ioo°)

20,0 ( 50°)

2200,0 ( 25°)

50,0 ( 25°)

3,30 (100°)
34,0 I 20°)
110,0 ( 0°)

(200°)
(100°)

100,0
350,0
1000,0 25"
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Tab. 5 Coupling Substances after Irradiation

Coupling Subst.

Santovac 5

JK 1000

AP 150

Fluid 200

Diphenyl/

Terphenyl

Santovac 5

AK 1000

AP 150

Fluid 200

Manufacturer

Monsanto

Wacker

Wacker

Dow Corning

Mobil-Oil
AG

Monsanto

Wacker

Wacker

Dow Corning

Irradiation dose

10 8

11

11

11

variable

3,84 • 109

11 11

n ti

it 11

Change of Colour

yellow to black

none

colourless to

ye±±ov?
no indication

none

yellow to brown

colourless to
brown

colourless to
yellow

colourless to
light brown

change of vise.

liquid to viscous

solid

seems un changed

vaporized without rest

see specif, of
manufacturer

viscous

solid

solid

solid
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Test Setup for Chain-Rail System Fig. 1

Test Setup for Chain-Rail System

Chain in Storage Fig. 2



Test Setup for Chain-Rail System

Chain in lower Position Fig. 3
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Test Setup for Chain-Rail System

Chain Wheel Fig. 4



Test Setup for Chain-Rail System

Inspection Vehicle in Position of S-Curve Fig. 5
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Test Setup for Chain-Rail System

Inspection Vehicle in Vessel Gap Fig. 6
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Concept of Coupling Fluid Circuit Fig. 8
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IMS CM 93*

Gas cooled TV-Camera Fig. 9
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PRESENTATION OF ACCESSIBILITY EQUIPMENT FOR PRIMARY
PIPINGS, IHX, PUMPS AND APPERTAINING MANIPUUTOR TESTS

G. HAHN, E. HOEFT
INTERATOM, In terna t ionale Atomreaktorbau GmbH
Bergisch Gladbach
Federal Republic of Germany

Summary

Accessibility and inservice inspection procedure of SNR-300

components are described.

Due to the high radiation level in the primary system it was

necessary to develop and to design special equipment to permit

access to the testing components. The pertinent examination

methods for surveying welding seams are acoustic (ultrasonic)

and optical procedures (TV-cameras, surface crack tests). This

can be done by remote-controlled manipulators and special

devices, which can transport the inspection system' by rails

to the testing position.

Presently, relatively limited experience exists for such remote-

controlled handling in nuclear power plants. Thus model expe-

riments were carried out on a model pipe section at INTERATOM.

The performed test shows that the concept planned to perform

inservice inspection by using remote-controlled manipulators

can be realized successfully.

Design work for accessibility of the primary cells, the

reactor cell, the primary pumps and the intermediate heat

exchangers (IHX)
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1.1 Introduction

The SNR plan calls for regular inspection of the plant

components. Because of the high radiation levels in the

range of 1 to 3 rem/h created by deposition of corro-

sion products and fission products in the primary heat

transfer loop, it was necessary to design special equip-

ment to permit access to these rooms to allow maintenance,

inspection, and repair.

For that reason components with an expected very high

radiation level were shielded. These components included

the IHXs, the primary pumps, the cold traps, and the cold

trap heat exchangers.

Shielding walls are provided between the reactor cell and

the three primary cells. This permits maintenance person-

nel to enter one of the primary cells during decay heat

removal with the primary system adjoining the primary

cell that is being maintained. In order to enter the reac-

tor cell all primary systems must be drained and decay

heat will be removed by means of the emergency cooling

system.

The requirement for immediate access to the cells is

generally avoided by limiting the components contained

in these cells to those that do not require frequent

maintenance or for which installation can be done by

remote handling. Examples are:

A pump impeller or an IHX tube bundle can be exchanged

without requiring access to the primary cell.
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All valves and valve drive mechanisms attached to the

auxiliary piping are situated in a separate valve

cell and the valve drive rods are remotely exchangeable.

Instrumentation (e.g. thermocouples, sodium level

indicators) can be remotely exchanged.

Redundant trace heating is used throughout.

A minimum distance of 1 meter is provided between primary

piping runs, and also auxiliary piping runs, which permits

access to the system using shielded cabins and electrically-

controlled manipulators. An adequate amount of space is •

provided so that this type of equipment can be used

throughout the primary cells.

In the reactor cell space is provided along the walls

where no equipment is installed. This area is used to

permit access with movable screens and shields.

1.2 Primary cells

The accessibility to a primary cell having a high radia-

tion level will be done with a screened cabin operating

on tracks at the ceiling of the cell. The screened cabin

is used for inspection and control of the work being done,

and for the transportation of maintenance personnel to

other screened buildings in the primary cells.

Master slave manipulators and power manipulators are pro-

vided for difficult operations and for the handling of

heavy tools in the primary cell. This manipulator system

will be used, for example, to remove the insulation and

for positioning remote-control devices to be used for

maintenance and repair. The power manipulator then takes

54
the heavy device and puts it in the proper place so that

the master slave manipulator can operate it.

The schematic diagram (Pig. 1) shows how accessibility to

the primary cells will be achieved. The 17.2 level is the

operating floor which is fully accessible during all con-

ditions of the reactor operation. Below this level there

are other rooms which are immediately accessible under

special conditions. The ceiling of the primary cell is

situated between these levels.

To enter the primary cell after the radiation level of the

primary sodium has been sufficiently reduced after shut-

down, and after the sodium has been drained and the primary

cell ventilated, maintenance personnel can pull the shield-

ing plugs in the primary cell ceiling.

While those operations are conducted the primary cells can

be inspected with TV cameras. For that purpose, in the

ceiling of the primary cells and in all upper ceilings

there exist many small openings so that inspection and

light devices can be introduced into the primary cells.

The primary inspection device is a TV camera on the end

of a long rod.

After that the shielded cabin and the manipulator will be

brought into the primary cell room using the overhead

crane in the component hall. The cabin or the manipulator

will be hung up on overhead tracks using a special piece

of equipment which makes the connection to the track ends.

Fig. 2 shows a cross section through the reactor cell and

the primary cell. Tracks run between the pipe works which

provide accessibility through openings in the ceilings.
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Using these tracks and turnlables maintenance personnel

can reach most of the areas of the primary cell. The

cabin and the manipulator are hanging at the ends of

telescopic masts which are coupled with their driving

devices. With these rods the cabin and the manipulator

can be moved and turned.

The movement of the manipulators will be controlled by a

stereo TV system. The TV and the light reflector are

shown in the sketch (Fig. 1). The TV monitor is on the

operating deck and the main steering gears of the mani-

pulators are situated on the operating floor deck. Two

smaller steering gears for manipulators are located in

the cabin.

It is necessary to perform all the work required for

maintenance, inservice inspection and repair with the

manipulator system. The manipulator system permits such

operations as removal of the insulation, but all other

work must be done with special remote-control devices

which can be placed by using the manipulators. The spe-

cial remote-control devices required for inspection, etc.

are still under development.

1.3 Reactor cell

In order to provide accessibility to the reactor cell,

movable screened shields are provided together with

small stationary screened buildings. These are located

on the platforms of the reactor cell. The screening

shields are opened at the side of the reactor cell walls

and are movable on tracks along the cell walls. It is

possible to extend the height of these movable screened

shields and stationary screened buildings by stacking

them one on the top of the other, thus permitting the

maintenance man to reach the higher arranged screening

devices via ladders, after opening the floor and the

ceiling hatches.

With this system of screened accessibility it is possible

to reach the working places that are immediately at, or

very close to the place desired without the maintenance

personnel receiving a high radiation dose on the way to

the work place. Minor operations can be then performed

by the maintenance personnel leaving the screened devices

for short periods of time.

Furthermore the electrical remote-controlled manipulators

for the primary cells can also be used in the reactor

cell, Master-slave manipulator for difficult work and

power manipulator for heavy work. These manipulators

will also be controlled from areas without radiation with

the help of stereo and TV cameras and direct sighting by

maintenance personnel in the screened devices, with con-

tinuous radio contact to the operator on the operating

deck.

A sectional view through the reactor cell is shown in

Fig. 3. After the access door is opened the movable

screening shield on the operating platform, which is

standing in front of the opening, will be loaded with

electrical motors, glass windows, and all other tools

which cannot remain in the reactor cells during normal

operation. Then the inspection cabin moves on the tracks

along the walls of the reactor cell to the desired place

on the platform. If it is necessary to go up on the higher

platform, the inspection cabin will be driven under the

2.6 meter cabin and the inspector can go up on a ladder.

In the same way persons can reach the 5.5 meter cabin.

Heavy tools or manipulators will be lifted by means of

special openings using the small ceiling hoist. A dolly

will then be driven under the equipment, which will



then be set down on the dolly and fixed to it. Supply

cables will be let down through the opening in the

ceiling to the manipulators or tools.

1.4 Primary pumps

The inspection of the pump cavities and of the pumps

themselves will be made through an opening in the cover

of the cavity. In this case the inspector and the in-

spection equipment will be brought with the cabin and the

manipulator to a stationary shielded small building

over the cover opening of the cavity. After pulling

the plug, the maintenance man inserts the visual in-

spection device into a small guide rail at the upper

part of the cavity. The visual inspection device is a

small electrically-driven vehicle with a TV camera on the

end of a telescopic mast. By moving along the circum-

ference of the cavity and by movement of the hight,

the surface and the welds of the pump housing and cavity

can be inspected. All movement will be controlled from

the operating deck.

In a similar way it is possible to bring the inspection

device for ultrasonic testing into the pump cavities.

Therefore the welds at the pumps which must be tested

are surrounded with other small guide rails on which

the inspection device will be coupled and driven round

the weld for carrying out the inspection (Fig. 4).

1.5 IHX

Inspection of the IHX cavities and of the IHX shells will

be made from the IHX headrooms. These rooms are fully

accessible after reactor shutdown because they contain

only secondary piping. The plugs over the IHX heads will

first be pulled and the inspection openings will be
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opened one after the other. Using the component overhead

crane a rectangular mast will be brought in through one

of the openings in the IHX cavity and centered at the

bottom and the head of the cavity. Then the inspection

device will be coupled to the mast. The inspection device

is a small electrically-driven vehicle for vertical

movement and a telescopic swivel-arm with a TV camera

at the end of the arm. From each position one-quarter

of one of the IHX shells can be inspected. By using all

8 positions the entire interior can be inspected, with

overlap (Fig. 5).

And in the same way as mentioned above for the primary

pumps, ultrasonic testing at the IHX shells will be done

with small guide rails round the welds of the IHX.

2 Manipulator tests

2.1 Introduction

A single arm Electric-Master-Slave-Manipulator (load

capacity 250 N) and a Power-Manipulator (load capacity

3000 N) are used for the experimental inservice inspec-

tion work. These trials are being carried out on a

model pipe section of a pilot plant, at Bensberg.

The purpose of these trial runs was to demonstrate the

adaptability of remote manipulators for the inservice

inspection concept at pipes and butterfly valves. The

emphasis of these trials was placed on the accessibility

of the welds and the demounting and mounting of the

butterfly valves bearing. Fig. 6 gives a general view

of the experimental arrangement.
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2.2 Brief description of the E_lectric-Master-£3lave-Manipu-

lator (EMSM)

The remotely-operated apparatus essentially consists of

three components connected by a multicore cable, a slave

arm, a master arm and a combined switch-control cabinet

(central unit) on the control side. Movements carried

out by hand and forces and torques which are applied are

transferred from the master arm to the slave arm. The

operator has a genuine feeling of the applied forces and

torques being carried out in the slave arm when operating

the master arm. For trial purposes the manipulator was

mounted on a vehicle with adjustable height and outfitted

with a series of tools (hammer, snips, screw driver, saw

etc.). A TV-camera system is provided for carrying out

works without direct visibility.

2.3 Brief description of the .Power-Manipulator (PM)

This manipulator system is designed for handling heavy

components. It essentially consists of a working arm, a

control desk and a control cabinet. In contrast to EMSM

this apparatus is switch-controlled whereby all move-

ments can be executed at three different speeds (the

fast, medium and creeping speed). The interchangeable

gripping tongs are constructed for continuous rotation

in either directions. The apparatus was also mounted

on a lift truck and equipped with various holding

devices for machine tools such as drilling, grinding,

cutting-off and drive-screw machines.

Both manipulator types were placed at our disposal by

courtesy of Kernforschungszentrum Karlsruhe (KfK).

2.4 Trials carried out

Up to the present date the following experiments have

been carried out by the above-mentioned manipulators:

I Insertion of a flexible endoscope into a guide tube

for visual tests on circumferential pipe weldings.

II Mounting and demounting of the lower butterfly valve

bearing by a detaching device.

III Severing of the standard insulation, exposing of

a pipe-T-section and testing of the welding seams

by the MET-L-Check method.

IV Demounting and mounting of removable insulations.

To I

For several seams, only visual tests are planned. At these

inspection points guide systems are being considered for

introducing flexible endoscopes, which have been installed

in the insulation as shown in Fig. 7.

The pictorial transmission is achieved by adapting a

television camera to a monitor or a video recorder. The

handling procedure of the hereby employed endoscope

dummy was performed by the EMSM at indirect visibility

by using a 3-D camera. The trials showed that it is

possible to insert a flexible endoscope into a slitted

guide tube without any difficulties. The guiding of this

endoscope on its way around the circular weld could also

be performed easily.



TO II

In these trial runs the lower original butterfly valve

bearing was demounted by a detaching device and mounted

again by a different device. This detaching device with

bearing is shown in Fig. 8. The mounting of these device

parts has to be done in the steps 1 - 4 as shown in Fig. 8.

Both manipulators were employed for these tasks, whereby

the EMSM was used for loosening the bearing screws and

fitting the locking pin (part 3). The main advantage of

handling this detaching device is, that the PM-tongs

can be rotated infinitely to carry out screwing procedures.

Thus, the detaching of the bearing proceeded very well.

The mounting of the bearing was carried out by a sub-

device. Fig. 9 shows the device gripped and bearing

during insertion into the bearing casing. By carefully

adjusting the rate of traverse it was possible to insert

the unlubricated bearing into its fit without difficulties.

To III

The aim of these experiments was to expose a pipe-T-sec-

tion for a surface crack test on the welding seams. To

do this the standard insulation was cut by a remotely-

operated cutting-off machine. The approximate size of

the cut out is shown in Fig. 10.

After removing the insulation sheet and the insulating

material the exposed welding seam was firstly cleaned

by a rotating wire brush, and secondly surveyed by the

MET-L-Check procedure, as shown in Fig. 11. These tasks

were performed by the EMSM. The manipulator tools developed

such as bottle and machine clip, endured the test well.

The procedure to reassemble such opened insulations is

presently under development.
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To IV

The accessibility of inservice-inspec'tion-positions

can be achieved on insulated pipes by partially dis-

countable insulations. Various insulation concepts were

developed and tested. In the course of the experiments

the cassette-insulation-concept showed the best results.

This insulation consists of 4 cassettes whereby the

upper one can be removed after opening a locking clamp.

The remaining cassettes are conveyed by rails and so it

is possible to slide them upwards and to remove one after

another. The mounting has to be done in the correspon-

dingly manner. The operational handling of such a

cassette (weight: 500 N) is shown in Fig. 12.

In addition to the easy handling procedure another

advantage of such cassettes is the fact, that a relatively

short time of 30 min. is necessary for performing the

complete handling cycle.

During the tests which were carried out up to now both

types of manipulators displayed satisfactory performance.

In spite of the one-armed EMSM design difficult and com-

plicated handling operations can be performed. Thus it

can be expected that the planned design of the SNR-EMSM

with two working arms is capable of managing even un-

foreseen tasks.
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ABSTRACT

Successful volumetric inspection of LMFBR primary circuits,
and also much of the secondary circuit, is dependent on the
availability of satisfactory examination procedures for austen-
itic welds. Application of conventional ultrasonic techniques
is hampered by the anisotropic, textured structure of the weld
metal and this paper describes development work on the use of
longitudinal wave techniques. In addition to confirming the
dominant effects of the weld structure on ultrasound propaga-
tion some results are given of studies utilising deliberately
induced defects in Manual Metal Arc Welds in 50mm plate together
with preliminary work on the inspection of narrow austenitic
welds fabricated by automatic processes.

FIG. 13.

1. INTRODUCTION

Successful volumetric inspection of LMFBR primary circuits,
and also much of the secondary circuits, is dependent on the
availability of satisfactory examination procedures for welds
made between plates of austenitic steels such as Type 316 and
304. In order to supplement radiography in the demonstration of
the structural integrity of the reactor during construction and
to meet possible requirements for in-service inspection there is
a need to provide appropriate ultrasonic procedures.

Application of conventional ultrasonic techniques is hamp-
ered by the anisotropic, textured, structure of the weld metal
and this paper describes development work on the use of longi-
tudinal wave techniques which are generally regarded as prefer-
able for the examination of thick sections. In addition to
confirming the dominant effects of weld structure, and hence
fabrication procedure, on ultrasound propagation some results are
given of studies utilising deliberately induced defects in Manual
Metal Arc (MMA) welds together with preliminary work on the in-
spection of narrow gap welds fabricated by automatic processes.



Since it is the principal material of interest in this con-
text for the UK fast reactor development programme, all the work
to be discussed makes use of type 316 austenitic steel specimens
and work has concentrated on butt welds in 50mm thick rolled
plates.

The paper closes with a brief descussion of some factors
involved in the application of these results to the in-service
inspection of a sodium cooled reactor.

2. BASIC THEORY AND CHOICE OF TECHNIQUE

Macrographs of three manual metal arc welds are shown in
Figure 1 and reveal long columnar grains which begin at a fusion
face and extend into the body of the weld. The grains follow
the heat flow paths in the weld during cooling and can grow
epitaxially from one weld run to another as shown. The columnar
structure of such welds may be broken up by mechanical deforma-
tion, or modified by heat treatment above 1050 C, but these pro-
cesses cannot usually be considered for large items of plant and
thus it is not generally possible to modify the weld structure
following initial fabrication.

Baikie et al(l) showed that the ultrasound propagation velo-
city and attenuation in a 316 MMA weld is direction dependent for
longitudinal waves while Launay et al(2) reported similar results
for the components of a transition weld between austenitic and
ferritic material in addition to providing a concise record of
the practical advantages on signal/noise ratio grounds of using
longitudinal waves for ultrasonic pulse echo examination instead
of shear waves. Tomlinson et al(3) had reported very similar
attenuation data for Inconel 182 weld metal and alpha brass
while their results on a single crystal of nimonic 80A proved
that the attenuation variations are not due to a grain boundary
effect. Nevertheless, these anisotropic effects are not signi-
ficant in measurements made on samples of rolled plate which is
made up of a relatively homogeneous distribution of equiaxed
grains.

While there have been numerous studies of the compositional
and metallurgical phase variations in austenitic weld metal,
there is a marked lack of published data on the detailed varia-
tion of the elastic properties of the material. However, X-ray
diffraction results by Baikie et al(l) and Kupperman and
Reimann(4) show a strong alignment of the 100 crystallographic
directions of the face centred cubic structure of the weld metal
along the long axis of the columnar grains. Theory indicates
that such a structure will produce anisotropy of the type obser-
ved whether or not the grains are aligned in the plane perpen-
dicular to their axes, and also lead to the deflection of ultra-
sound beams because the wave fronts are no longer necessarily
normal to the propagation direction. Figure 2 illustrates this

beam skewing phenomena with a comparison of some theoretical and
experimental data for the angle of deviation of the beam of
longitudinal (Cp) waves propagating through a block of weld
metal.

Qualititatively similar effects are observed for shear
waves. For S y waves the skewing effect is greater than for Cp
waves, and opposite in direction for most beam angles(5), and
this contributes to the well known signal to noise ratio prob-
lems but the effect appears less for S H waves(4,5). However,
the.use of S H waves is currently impracticable for most applica-
tions and the remainder of this paper will be mainly confined to
the consideration of longitudinal waves in order to investigate
their potential effectiveness for NDT when utilising their
advantage in signal to noise ratio. An important aspect, how-
ever, is the need to appreciate factors which mean that a longi-
tudinal wave probe cannot be regarded as if it were merely a
novel variety of shear wave probe.

3. STUDIES USING ARTIFICIAL REFLECTORS

As part of the investigation of the effect of weld structure
on ultrasound propagation, limm diameter side drilled holes were
introduced into several welds and they were examined with a
series of probes using both manual and automated techniques.
Table I shows the results of measurements of beam angle in a
specimen of Type 316 rolled plate for the five longitudinal wave
angle probes prepared using a series of perspex wedges and a 12mm
diameter commercial transducer.

Reflections from the holes that could be detected in the
weld specimens one and two were maximised and the range, probe
position and reflection amplitude recorded. The welds were
examined from either side and from both the upper and lower sur-
faces and it was generally found that the effective beam angle
differed from that in plate material. Detailed examination of
the data revealed that the longitudinal waves propagate along
preferred paths at 45 to the long axis of the columnar grains.

This is illustrated in Figure 3 and may be seen to agree with
qualitative expectations from Fig 2 where the variation of beam
skewing for the angles reported in Table I is such as to deflect
a beam towards the 45 preferred direction. In contrast, for a
conventional normal compression probe examination there is a
defocusing effect which results in major beam bending as is also
shown in Figure 3 for weld specimen two.

The differences between the grain structures of the weld
specimens one and two produce significant differences in the
ultrasound propagation directions and indicate that relatively
small differences in the detailed fabrication procedures are
important.
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Work on the third specimen emphasises this. Figure
lc shows the grain structure of a weld produced in the horizontal-
vertical position with appropriate choice of preparation while
the welds depicted in Figures la and lb were produced down-hand.
For the horizontal-vertical weld the beam from a normal compres-
sion probe is favourably inclined to the grains whereas an angled
beam is not, which is in direct contrast to the situation for the
down-hand samples.

Clearly, the fact that the ultrasound propagation direction
is a function of the grain structure makes it very difficult to
accurately locate a reflector from probe position and A scan data
in the conventional manner. From the data obtained during the
examination of the two down-hand welds it was observed that the
range values were approximately correct for the direct distance
between probe emission point and reflector in spite of the beam
skewing phenomena. Using a flaw detector calibrated using rolled
plate velocity data the average range error was 2-5% and it was
found that holes could be located satisfactorily by a triangula-
tion technique provided that they were detectable from both sides
of the weld. This is illustrated in Figure 4.

Finally for the MMA welds, the relative amplitudes of the
maximum signals reflected from the holes in the down-hand welds
were measured using the calibrated gain control of a flaw detec-
tor for the angle beam examinations and the results are shown
in Figure 5. For each specimen the range of amplitudes for the
reflections from side drilled holes is 8-12dB but the signal to
noise ratio is at least 15dB which is high for austenitic welds.

Since the beam skewing and variable apparent attenuation
are apparently confined to the weld metal it is of interest to
examine the results obtained from an examination of narrow gap
welds. The study has therefore included welds made by a special
Tungsten Inert Gas (TIG) and an electron beam welding process
which yield a smaller volume of weld metal than the MMA process
and which can have a very different dendrite structure as shown
in Figure 6.

As anticipated the beam paths in weld metal were found to
be sufficiently short for beam skewing effects to be negligible
for longitudinal waves while, in contrast to Figure 5, the vari-
ations in signal amplitude shown in Figure 7 are such that a
useful distance amplitude correction curve can be constructed
which would facilitate automated sentencing.

Figure 8 compares the results of simple automated raster
scans of the electron beam weld using 45 shear and longitudinal
waves. A wide time gate was used and in the illustration the
amplitude of the gated signal is superimposed on the co-ordinate
corresponding to the position of the probe emission point along
the weld centre line which is marked. The side drilled holes

are clearly detected but also of significance is the large
signal generated by the fusion face during the shear wave examin-
ation.

For shear waves, the signal from the fusion face is greater
than that for a l|mm side drilled hole in the weld metal whereas
the reverse is true for longitudinal waves. This result may be
explained qualitatively by two effects. First there is a 25%
difference between the velocity of S y waves in plate and in the
45 degree direction in weld metal, but only a 5% difference for
longitudinal waves. Thus the acoustic impedance mismatch at the
fusion boundary is larger for the shear waves than for the long-
itudinal waves. Secondly, longitudinal waves are only weakly
reflected by right angle corners as strong shear wave components
are produced by mode conversion(7). Qualitatively similar
effects were observed in our corresponding measurements on the
narrow gap TIG weld but the shear wave signals from the fusion
face were much weaker than for the electron beam weld. This
difference presumably derives from the different grain direction
shown in Figure 6 and the greater roughness of the fusion face
in this TIG weld specimen.

4. STUDIES USING DELIBERATELY INDUCED DEFECTS

In order to examine the application of angled longitudinal
wave techniques to actual inspections a number of deliberately
defective MMA welds have been prepared using down-hand techniques.
These specimens will ultimately be examined destructively to con-
firm the effectiveness of the examination techniques under lab-
oratory conditions.

The weld defects used in the study included lack of fusion
and cracking introduced into different positions in the section
of welds with single Vee, double Vee and 'U' preparations.
After welding the specimens were machined flat on all surfaces
to "remove the excess root penetration, the cap, and all distor-
tion produced by welding.

All the welds were tested with angled and normal 2jMHz
longitudinal wave single crystal probes using both manual and
automated techniques. A 12|mm diameter probe was used for the
normal scans and for the angled scans a 25mm dia probe mounted
on a 21 perspex wedge to give a nominal 45 beam. During the
manual scans the probe was skewed slightly to maximise the signal
but for the automated scans the beam centre line was kept normal
to the weld centre.line.

As with the samples containing artifical reflectors the
specimens were examined ultrasonically from both sides of the
weld using both upper and lower surfaces, and, in addition, an
orthodox radiographic examination was carried out.



• Figure 9 illustrates the results for a lack of fusion
defect for which the A scans were recorded in digital form
during an automated examination in the geometry indicated in
Fig 8a. These A scans are reproduced as a time series display-
in Fig 8b and the approximate location of the fusion boundaries
sketched in. The echoes which originated from the region of a
planned defect are clearly apparent.

The value of the exercise will be fully assessed on comple-
tion of the destructive examination but, if it is assumed that
the deliberate defects are approximately of the size intended,
then the work indicates that fairly small defects can be detected
in the laboratory.

5. DISCUSSION

The work reported here confirms that ultrasound propagation
is governed by the weld structure and hence that the fabrication
procedure is very important. Indeed the effectiveness of any
inspection using these techniques cannot be assessed without
some knowledge of the grain structure. Therefore it is not
possible to assess the effectiveness of an inspection solely
with the use of data gathered during the inspection, weld fabric-
ation data are essential.

A predictable grain structure is a pre-requisite for the
use of these techniques but it is not clear that they could be
used for welds produced by all available welding procedures.
Thus some welding procedures produce columnar structures with
little evidence of epitaxial growth from one weld run to another,
as shown in Figure 10, and it is apparent that there will be no
continuous preferred paths through such a weld. Further work is
required to investigate the inspectability of a wider range of
weld structures using longitudinal waves and, in particular,
work is in progress on the effect of variations in the manual
metal arc welding procedure.

The data of Figures 5 and 7 clearly indicate that signal
amplitude is not a good guide to the size of any reflector
while the spatial variation of the magnitude of beam skewing
and consequent focusing effects rule out the use of dB drop
techniques. Moreover, it is clearly virtually impossible to
generate a useful DAC curve applicable to MMA welds and one of
the most promising techniques to overcome this sizing problem
is that under development by Silk(6) which is based on time of
flight measurements of the diffracted signals from the edge of
defects.

In addition to the problems referred to above and to the
normal evolution required to convert laboratory techniques into
field inspection procedures, application of ultrasonic inspec-
tion procedures to ISI of LMFBR involves consideration of a
number of other important factors. Problems arising from the

inspection temperature and choice of couplant are generally
recognised, while the selection of calibration blocks has been
referred to above, but it is also necessary to consider the
effects of sodium ingress on the detectability of surface
breaking defects. Theoretical work by Temple(8) using ideal-
ised models clearly indicates that there is a threshold of
crack width in the 10-100y range below which the ultrasonic
reflectivity of a sodium filled crack may be expected to
decrease significantly.

Work in this area continues as part of the overall task of
ensuring, in collaboration with the welding development engin-
eers, that techniques are available to permit adequate inspec-
tion of LMFBR welds.

From a comparison of the results of the manual and auto-
mated examinations it may be concluded that the latter are gener-
ally more satisfactory and studies are in progress at RNL on the
possible application of Pattern Recognition Techniques to further
increase their effectiveness.

This paper has described experimental investigations on
the application of longitudinal waves using probes with a centre
frequency of 2JMHz. Further work is required to investigate the
possibility of there being an optimum frequency range of the type
reported by Lautzenheiser and Greer(9) when using shear waves
for the examination of thinner sections of austenitic material.

6. CONCLUSIONS

The experimental investigations described in this paper
demonstrate that angled longitudinal waves show great promise
as a practical inspection procedure for the detection of defects
in austenitic welds. Nevertheless, since the propagation of
ultrasound in austenitic weld metal is determined by the colum-
nar structure of the weld, it is apparently essential that the
fabrication procedure should be such as to yield a predictable,
well ordered, grain structure and details of this procedure must
be available to the ultrasonic examiner.
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TABLE I

LONGITUDINAL BEAM ANGLES IN 316 PLATE PRODUCED BY

VARIOUS PERSPEX WEDGE ANGLES

Perspex Wedge Angle
(Degrees)

18

19.5

21

22.5

24

Beam Angle in Plate
(Degrees)

39

42

48

51

57



(a) Specimen 1 (b) Specimen ?. (c) Specimen 3

FIG 1 MACROGRAPHS OF THREE MANUAL METAL ARC BUTT WELDS IN 50mm THICK PLATE
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(a) TUNGSTEN INERT GAS WELD

fb) ELECTRON BEAM WELD

FIG 6 MACROGRAPHS OF TWO NARROW GAP WELDS
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SHEAR WAVE SCANS

holes

ULTRASONIC 45° ZMH3 SCANS OF AN
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FIG 8 RESULTS OF AUTOMATED SCANS, ANELECTRON BEAM WELD

74

(a) W SCAN RECORDING

•PROBE MOVEMENT.'A' SCAN RECORDED EVERY STEP

BEAM ANGLE A9 DEGS.

WELD

(b) DISPLAY OF A SERIES OF A' SCANS. PROBE MOVEMENT 2mm STEPS

START

FIG 9 THE RECORDING AND DISPLAY OF A SCAN DATA FOR A

DELIBERATELY DEFECTIVE WELD
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MACROGRAPH OF A SUBMERGED ARC BUTT WELD IN 25mm THICK PLATE

FIG. 10

COMPARISON OP ULTRASONIC TESTING WITH SINGLE PROBES AND
TRANSMITTER-RECEIVER TECHNIQUES BOTH WITH COMPRESSIVE
WAVES FOR AUSTENITIC WELDS

K. EWALDS, H. BENZ
INTERATOM, Internationale Atomreaktorbau GmbH
Bergisch Gladbach
Federal Republic of Germany

Abstract

Austenitic welds with wall-thickness of 40-60 mm - typical --

for the'SNR 300 reactor vessel - were examined in fabrication

by a TR-techniques with compressive waves at 2 MHz. This

technique is compared with commercially available single probes

of 2 and 4 MHz. A specimen with cylindrical holes of 3 mm

diameter oriented parallel to a weld was used, to measure

the distance amplitude behaviour and the signal to noise ratios

at different beam angles. For the worst case - sound path

completly through the welding - it is shown that the TR

technique is superior and a sufficient SN-ratio can be

achieved. It is possible to need only two probes for 40 mm

wall-thickness and an additional one for the range up to 60 mm.

1 . Procect and aims

The work reported in this presentation was carried

out in the frame work for developing UT inservice

inspection techniques of the SNR 300 reactor vessel.

It is intended to apply a TR technique (compressive

waves) as proposed by BAM - with different probes

matched to fixed depth ranges. In order to get

>
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o i
CD j
CD i



information about the distance to the conventional

an easier single probe method this comperison was

planned. For in some cases the application of the

TR technique is hard, especially by geometrical

problems of the test specimen.

The examinations of this work are related only

to flaws oriented parallel to this axis of the weld.

2. Test arrangement

As test specimen we choose a plate of 60 mm wall

thickness and a weld typical for the structure of

the reactor vessel (Pict. 1). The material is austenitic

with the German designation 1.4948. Tests were done

with artificially reflectors only, in this case with

cylindrical holes of 3 mm diameter.

This type of test reflectors is easier to fabricate and

not specialised to certain beam directions than the

more commonly used flat bottomed holes.

There are reflectors in different depth in the base

material and near the fusion line of the weld.

For illustration of the welding process and the

possible difficulties of the pentrating sound thepe

are in Dia 1 and 2 a makrosection and mikro of the

fusion line. The dendritic structure of the weld

material with it its attenuating structure is clear

seen.

or

09
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pict. 1 TEST SPECIMEN
AUSTENITIC WELDING WITH ZYLJNDRICAL

HOLES (3 MM DIAMETER) AND NQTCHES



D 1 Makrosection of the weld

r-4:

l i
ER1

Pict. 2

D2 Mikrosection of the fusion line

dendritic structure of the welding
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ferritic lines



probe-
nr.

1

2

3

4

5

6

7

8

9

type

smgleprobe (SP)

smgleprobe

TR-probe

singleprobe

singleprobe

TR-probe

singleprobe

singleprobe

TR-probe

centre-
frequency
[MHz]

4

2

2

4

2

2

2

2

angle of
incidence

[ ° ]

45

45

45

60

60

60

70

70

70

In pict. 2 the beam directions are shown:

ER1 and ER2 for measurements in the base material/

ER5 and ER6 for the worst case, when the sound

path has to cross the weld material completly.

This two cases are shown in the following report.

Nine probes (Pict. 3) with 3 different incidence

angles 45, 60, 70° were compared. Normally we

examine at frequencies of 2 MHz, we intended to

study the influence of higher frequencies to

expected increasing of noise. So we added single

probes of 4 MHz centre frequency to the pool.

The 3 TR probes are delivered by BAM, their
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Pict. 3 COMPARED PROBES

the .arotioa-i focus points are in a depth of

7, 35 and 40 mm for the 70°, 60° and 45° probes.

This focus lengths are the first order approach

as shown later the value of the 60 probe should

be changed a little bit.

3. Results

In the pictures 4 - 6 the results of the distance

to amplitude relationship is displayed for the

3 incidence angles. The TR probes show the

expected behaviour:

high sensitity in the region of the focus

point. For 70° there are no reflectors in the

surface near region - the dashed curves - so

here is a restricted comparison.



The curves of different probes are not quantitativly

contperable, but the difference between base material

and weld is with the same scaling.

The behaviour of probe 7 (SP, 70°, 4 MHz) is not

well understood, the steep sensitivity decrease

below 10 mm depth is not expected and no other single

probe behaves in similar manner.

For the TR technique analog curves for flat bottomed

holes are displayed in pict. 7. This measarement were

carried out by BAM with other probes of same

specifications. The curves are nearly identically

to the former ones.

The sensitivity <}urves - distance/amplitude - for

themselves are of minor importance, for the practical

testing the signal to noise ratio is the only

relevant quantity.

So in the following this measurement will be

presented.

The noise was determined locally by increasing

the amplifier gain with the dB-setters until the
reachetf

noise on display screen weadoS the formed echo height

of the test reflector, i. e. 80% screen height.

In pict. 8-9 results are displayed for 60 and

45° beam angle.
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The difference between base material and weld

is for the case of the TR technique much less

than for single probes ( 5 db, instead 10 db).

The variation in dependence on the depth for

the 60° TR-probe is also better.

But nevertheless even in the weld material in

some cases there is a sufficient noise ratio

for single probes:

- until 40 mm depth at 60° and 2 MHz it is about 20 db

- in the same depth region it is for the 45°, 4 MHz

between 2o and 25 db.

The results for the TR technique are comprised in pic. 10.

In the lower part there are the envelope curves for

possible depth-zones devat6d to certain probes.

In the average for base material the SNR is between

25 - 35 db and for the worst case in the weld material

between 20 and 30 db. The single probes with 2 MHz can

achiev 20 db until 40 mm, with steaodegradation

behind this value.
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ULTRASONIC INSPECTION OF AUSTENTTIC WELDS

J. R. TOMLINSON, A. R. WAGG, M. J. WHITTLE
U. D. T. Applications Centre
CEGB, Manchester
United Kingdom

Abstract

dB 35
gain

30

25

20

15

10

5-

-

7
_

11

—

11

<r\\
1, I , , 1 , , M

70°

1,,,, 1,, 1,

\

in it

TR-2MHZ

dB 35
gain

30

25

20

15

10

5

10 20 30 40 50 60 [mm] depth

TR-2MHZ

SP-2MHZ

i i i i I i i i i I i i i i I i i i i I i i i I i i i 11

10 20 30 « 50 60 (mm] depth

base material weld material

SIGNAL TO NOISE RATIO CURVES

ENVELOPE CURVE

Pict. 10

The metallurgical structure of austenitic welds is described
and contrasted with that found in ferritic welds. It is shown
that this structure imparts a marked elastic anisotropy to the weld
metal; this anisotropy in turn leads to anisotropy in the ultrasonic
propagation parameters. Measurements of variations in the apparent
attenuation of sound and deviations in the beam direction are described.
The measurements are interpreted in terms of the measured velocity
anisotropy.

Two applications of the fundamental work are described. In
the first it is shown how, by using short pulse compression wave probes,
and with major modification of the welding procedure, a stainless steel
fillet weld in an AGR boiler can be inspected. In the second application,
alternative designs of a transition butt weld have been compared for
ease of ultrasonic inspection. The effects of two different welding
processes on such an inspection are described.

Finally, the paper examines the prospects for future development
of inspection and defect-sizing techniques for austenitic welds.

1. INTRODUCTION

Ultrasonic inspection of austenitic welds has long been
considered difficult. High levels of scatter and attenuation
often prevent observation of defects; beam splitting and
skewing effects and spurious echoes from the weld hinder
interpretation. While the problems themselves are well
documented, hitherto there has been little progress in
determining in detail which aspects of the weld structure
are responsible. Until the fundamental aspects of
ultrasonic propagation in austenitic structures are properly
understood we can do no more than devise inspection
techniques empirically. The danger in this approach is that
a technique which is satisfactory on one weld may fail
completely when applied to another, even though the second
has been fabricated using apparently identical procedures.
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This paper describes work carried out at the N.D.T.

Applications Centre of the Central Electricity Generating
Board to investigate the influence of austenitic weld
structure on ultrasonic propagation. In Section 2 we
describe the structure of austenitic welds and contrast
this with the more amenable structures found in ferritic
welds. Section 3 describes the results of experiments to
explore the influence of the structure on ultrasonic
attenuation, velocity and beam bending. The use to which
these observations can be put in practical weld inspection
is described in Section 4. Finally, Section 5 discusses
the prospects for austenitic weld inspection and the
restrictions and requirements imposed upon plant designers
by the limitations of the inspection method.

2. THE STRUCTURE OF AUSTENITIC WELDS

The grain structure of austenitic welds has been
discussed in detail by Baikie and Yapp, and the following
section summarises their work (1).

The grain structure of austenitic welds differ markedly
from that in ferritic welds. In both cases, the
solidification process during welding initially produces a
columnar grain structure in each weld bead. Grains grow
along the maximum thermal gradients in the bead along a
<ClOO> crystallographic. axis. Growth in this particular
direction is faster than in other directions and this leads
to the rapid disappearance of unfavourably oriented grains.
Deposition of subsequent weld metal reheats the bead and,
in the case of a ferritic weld, the columnar grain structure
is destroyed by the austenite-ferrite phase transformation
that occurs as the solid cools. No such transition occurs
in the austenitic alloys considered here and consequently
the columnar grain structure survives. Furthermore, each
new weld bead remelts the surface of the preceding beads
and the new grains grow epitaxially on the existing ones.
Consequently grains several centimetres in length can be
produced as shown in Figure 1. This shows a macro-section
of a fillet weld made by the manual metal arc (M.M.A.)
process with AISI 316 weld metal.

Austenitic welds, therefore, contain long columnar
grains with the major axis along a <5.<xT> crystallographic
direction. Such a structure is said to possess a fibre
texture.

The local direction of growth of the columnar grains
is governed by the thermal gradient within the weld bead.
This in turn is influenced by the welding procedure and,
within each bead, the gradient is determined by the solid
metal in contact with the bead as it cools. For example,
consider weld metal deposited in horizontal runs onto a
vertical plate - the horizontal-vertical welding position -
as illustrated in Figure 2a. It can be seen that each weld
bead is deposited into the corner formed by the preceding
bead and the previous layer of beads. Heat therefore flows
out of the bead in the two directions shown and the
resultant thermal gradient, and therefore the direction of
crystal growth, is at an angle to the horizontal. In
practice the welder must deposit sufficient metal in each
run to enable the following bead to be deposited on the
'ledge' formed by the preceding run and we. find that the
angle the grains make to the horizontal is typically about
30 . The angle of grain growth can be predicted by similar
reasoning for other welding techniques. If the base plate
is rotated away from the vertical, the height of the step
into which new weld metal is deposited becomes progressively
smaller as the plate approaches the horizontal until the
downhand position shown in Figure 2b is reached. When the
plate is horizontal, the direction of grain growth is found
to be about 15 from the normal to the plate.

3. ULTRASONIC PROPERTIES OF AUSTENITIC WELD METAL

The previous section described how the metallurgical
properties of the austenitic alloys give rise to a weld metal
which is macroscopically anisotropic. We now examine the
effect of this anisotropy on the propagation of ultrasonic
waves through such material.

3.1 Attenuation

Our initial observations were made on machined blocks
of 316 weld metal fabricated using a -variety of welding
techniques. With a 2.5MHz short pulse (single cycle)
compression wave probe it was found that the attenuation was
variable in the range 0.1-0.4dB/mm. Examination of the cause
of the variation suggested that the orientation of the
ultrasonic beam relative to the fibre axis was a major factor.
The elastic properties of a material with a perfect fibre
texture have circular symmetry about the fibre axis.
Consequently the variation of properties with direction can
be examined by observations in any plane containing the fibre
axis. Measurements were accordingly made on cylinders cut
from weld pads with the grain axes along a diameter.



The cylinders (50mm long and 38mm in diameter) were
mounted on a table in a tank of water with their axes
vertical. Ultrasonic transmitter and receiver probes
(2.5MHz, 15mm diameter) were arranged so that the sound beam
passed horizontally through the cylinder. Both the cylinder
itself and the receiver probe could be rotated about the
axis of the cylinder. With this arrangement the amplitude
of the signal transmitted through the cylinder and the time
of flight could be measured. By comparing results from
weld metal cylinders with those obtained from equiaxed;
fine grain ferritic or austenitic cylinders, i t was
possible to obtain values for the apparent attenuation and
the velocity in the weld metal as a function of beam
orientation.

Figure 3a shows the variation in transmitted signal as a
cylinder of weld metal was rotated, with the receiver probe
in line with the transmitter. The apparent attenuation varies
from a value of 0.4dB/mm along, or at right angles to, the
grain axes, down to 0.05dB/mm at an angle of approximately
50 to the grain axes. This curve relates to a cylinder cut
from a downhand weld pad of 316. Very similar curves (see
Figures 3b-e) have been obtained from horizontal-vertical
and vertical-up 316 welds, a downhand Inconel 182 weld and
a casting of alpha brass. Negligible variations with
orientation were found with the fine grained ferritic and
austenitic cylinders or with a columnar grained aluminium
casting (aluminium has a very low elastic anisotropy).

I t may therefore be concluded that the dependence of
the transmitted signal on beam orientation arises as a
result of the macroscopic anisotropy of the assembly of
grains and is not related to the composition of the weld
metal or the welding position.

The origin of the variation in through transmitted
signal was further clarified by examining the variation in
signal as the receiving probe was traversed around the
sample, for different orientations of the sample. Results
are shown in Figure 4 for the incident beam at 0 , 45 and
22.5 to the grain axes. The quantitative interpretation of
these curves is complicated by the diverging lens action of
the steel cylinder immersed in water. However, the effect
of this divergence is only to amplify any variations in the
beam width and direction that may take place within the
cylinder. Thus we may deduce from the results shown in
Figure 4 that the beam width is much smaller when the beam
axis is near 45 to the grain axis than when the beam axis
coincides with that of the grains. Also, at an intermediate
orientation the beam is skewed off and does not pass along
a diameter. Both of these effects contribute to the
variations of signal shown in Figure 3.

84

In addition there could be a dependence of the
scattering on the orientation of the beam. Indeed our
earlier interpretation of the results shown in Figure 3 was
entirely based upon such an effect. However, measurements
of the amplitude of the back-scattered waves showed that
this varied only slightly as the sample was rotated in
the immersion tank. At 2MHz no significant variation with
sample orientation could be detected. With a 5MHz probe the
average grass level was at a minimum with the beam along the
grains and rose by only about 4dB when the beam traversed
the grains at right angles. Thus the major variation in
signal to grass ratio in this weld metal arises from
variations in signal, not in the grass.

3.2 Velocity

Measurements of compression wave velocity are shown in
Figure 5. Reynolds has shown how the elastic properties of
a fibre textured cubic material are related to the elastic
constants of the cubic crystal, and Musgrave has given an
expression for the velocity as a function of direction in a
medium of the relevant symmetry (2,3). The curves shown in
Figure 5 were calculated using this theory. In the absence
of data specific to 316, the elastic constants obtained by
Bradfield in 18/12 austenitic steel and Salmutter and
Stangler in 12/12 austenitic were used (4,5). There is good
qualitative agreement between the experimental curves and the
theory with a 10% variation between the minimum velocity
along the grains and the maximum which occurs at approximately
45 to the grain axis. The clear similarity between the
form of this curve and that for the transmitted amplitude
invites the hypothesis that the two are related. This was
tested by examining the transmission through a single crystal
of Nimonic 80A which was machined with a 100 direction
along the cylinder axis. The observed variation in
transmitted signal is shown in Figure 6. This is clearly
similar to those shown in Figure 3, providing conclusive
evidence that a variation in scattering from the grain
boundaries was not the major cause of the variation in signal
transmitted through weld metal.

3.3. Propagation of Waves in Anisotropic Media

I t is believed that the observations described above
may be explained in terms of the propagation of waves in a
homogeneous, anisotropic material.. While i t is undoubtedly
the case that there is significant scattering in these
coarse-grained materials, i t seems probable that the
orientation-dependence of the apparent attenuation is not
primarily governed by this phenomenon. An important feature
of the propagation of waves in an anisotropic medium is that,
in general, the ray direction - the direction of energy
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t ravel - i s not perpendicular to the wave front. This
phenomenon gives r ise to a skewing of the beam off the axis
of the transducer. Using the theory of Musgrave and the
e las t i c constants of Salmutter and Stangler, the magnitude
of t h i s skewing has been calculated as a function of beam
orientat ion.

Experimental confirmation of these calculations could
not readily be obtained from the water immersion experiments
referred to ear l ie r because the large velocity difference
between water and steel leads to strong refraction ef fec ts .
These were minimised by insert ing the t e s t cylinder into a
matching cylindrical liole in a mild s teel block. The small
gap between the cylinder and the block was f i l led with o i l
to permit ultrasonic transmission. From the displacement of
the receiver probe necessary to maximise the signal the
angle of skew in the weld metal was calculated. The
experimental observations and the computed curve are shown
together in Figure 7. The largest angle of skew observed
for compression waves is about 15°, but for shear waves the
calculations show that beams may deviate by up to 50 from
the expected direction of propagation. I t i s clear that
with deviations of this order of magnitude a shear wave
inspection would be extremely d i f f icu l t to carry out, and
even a compression wave inspection will need extra care in
interpretat ion of the position of indications.

The variation of the skewing angle with direction leads
to variat ions in beam width. Thus, with the beam directed
along the grain axis, a l l non-central rays are skewed outwards
(see Figure 7) and a widened, lower intensity beam resu l t s .
The converse happens when the beam i s directed along the
direction of maximum velocity. This problem has been
examined by Papadakis who showed how with approximations
the resul tant beam shape could be calculated (6) .
Unfortunately, except along directions of high symmetry the
calculations are very complex. Computation of the beam
shape for the present material i s currently in progress.
Nevertheless i t i s clear tha t significant variations in beam
spread occur for waves travell ing in different direct ions.

To summarise, our present understanding of the
character is t ics of ultrasonic propagation in austenit ic weld
metal i s based on an appreciation of the importance of the
anisotropy of th i s material. This gives r i se , we believe,
both to variations in the beam width and to deviations of
the beam axis which are more significant than grain boundary
scat ter ing in determining the amplitude of transmitted

signals . As the effects of these beam variations are in many
respects indistinguishable from those of an orientat ion-
dependent attenuation caused by grain boundary scattering
(which may also be present) , we will throughout the res t of
th is paper refer to the consequences of a l l these effects in
terms of attenuation.

4. WELD INSPECTION

The resu l t s presented in the previous section show that
the apparent attenuation in an austeni t ic weld depends on the
angle between the beam and the columnar grains. A wide
variety of weld materials and samples welded under different
conditions have been examined and i t i s clear tha t these
effects are a general property of austeni t ic welds which
ar ise from the in t r ins ic fibrous structure of the weld
metal. We may not as yet fully understand the detailed
causes of th i s behaviour but i t i s sufficiently well
established empirically for i t to be used to develop improved
inspection procedures for specific weld geometries. We now
i l l u s t r a t e the way in which this can be done by two examples.
The f i r s t concerns a f i l l e t weld in the boi lers of an AGR
(Advanced Gas-Cooled Reactor) and the second covers the
general category of but t welds.

4 . 1 . Inspection of an Austenitic F i l l e t Weld

In certain designs of AGR, an austenit ic f i l l e t weld
i s used as a closure between two coaxial tubes in wrought
316 austenit ic s tee l . The original weld design i s shown in
Figure 8a. Early work showed that the weld metal could be
far more' readily inspected using compression waves than
shear waves. This resul t was not unexpected since theories
of scattering in equiaxed structures show that when e i ther
shear waves or compression waves are propagating in a multi-
grained material, the bulk of the energy scattered by the
grains i s in the shear mode (7). Consequently, in pulse-ecbo
ultrasonic inspections the signal to back-scatter (grass)
ra t io from defects i s higher for compression wave transducers
since these are unable to respond to the larger part of the
scattered energy which is in the shear mode. A further
advantage of using compression waves i s that beam skewing
effects are smaller than for shear waves, as discussed
earlier.

The weld was therefore redesigned as shown in Figure 8b
to enable the fusion faces to be inspected at right angles
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using normal compression wave probes placed on the two
external surfaces.

A further improvement in the signal to scatter ratio
was obtained by using short pulse probes. This is because
the scatter at any point on the flaw detector screen arises
from energy scattered from the insonified volume of metal at
that range. The insonified volume has a cross-section
transverse to the beam set by the beam spread at the
appropriate range and a depth along the beam determined by
the pulse length. Reducing either the beam spread or the
pulse length therefore reduces the number of scatterers
contributing to the grass and improves the signal to grass
ratio. In practice, pulse length is more readily reduced
than beam spread. Other authors (8,9) have discussed the
improvements brought about by using focussed probes either
singly or in pairs to reduce beam spread, but in our case
the additional practical difficulties were not felt to
justify their use.

The results described in the preceding Section
demonstrate that minimum attenuation is obtained when the
angle between the ultrasonic beam and the columnar grains
in the weld metal is 45 . In the present closure weld
therefore the weld attenuation for the beams described
above can be minimised if the weld grains grow at 45 to the
tube axis. The main obstacle to achieving this aim around
the full weld circumference is that the welds must be made
with the tubes horizontal and consequently the welding
position varies around the circumference. If, for example,
the weld beads are deposited as shown in Figure 9a, at the
top of the weld (12 o'clock position) , the welding is of
the horizontal-vertical type, whereas at the 3 o'clock
position i t is vertical-up and so on. This causes the grain
orientation relative to the tube axis to vary systematically
around the weld. Figure 9b shows the predicted variation
of the angle between the grain axes and the ultrasonic beam
if the weld metal is deposited in layers normal to the tube
axis as shown in Figure 9a. The angle between the grain
axis and beam is markedly different from the optimum value
around the entire circumference and such a weld is
uninspectable. However, when the weld beads are deposited
onto a surface at 55 to the tube axis as shown in Figure
10a, the average departure from the optimum of the angle
between the grains and the beam is minimised. (see Figure
10b). Such a welding technique is therefore best for these
particular welds and has been shown to be both practicable
and capable of producing inspectable welds.

Figure 9b shows that, even with the optimum welding
technique described above, the grains are s t i l l distributed
about the best orientation. The attenuation of the weld
metal varies in a corresponding way around the weld
circumference and as a result the sensitivity of the test to
defects is also variable. I t has therefore been necessary
to compare the results of calculations for maximum tolerable
defect sizes with those for minimum detectable defects.
Fortunately the significant defects can all be found with a
high probability of success even with the highest attenuation
likely to occur.

A further problem is that of measuring defect sizes.
The conventional defect sizing techniques involve scanning
the probe to determine the position of the edges of the
defect. The probe is moved until the signal from the defect
has fallen by a prescribed amount from i ts maximum. In the
present case this method is unusable due to fluctuations in
attenuation as the probe is scanned. Experience with other
weld configurations indicates that this is likely to be a
widespread problem, A range of techniques has been developed
to enable the size of defects in different parts of these
particular welds to be measured. For example, when
inspecting the fusion face to the inner tube, we can use
obscuration of the echo from the inner wall of the tube.
Also, the relative heights of the defect and back wall
echoes provide a guide to defect size for small defects
that do not completely obscure the back wall echo. This
technique is independent of weld metal attenuation since
the beam has traversed the same path through the weld for
both echoes. The only difference is that the beam has
passed through the tube material for the back wall echo.
However the tube material, although austenitic, has been
forged to a fine equiaxed grain structure and therefore has
negligible attenuation. A similar technique can be used for
defects growing from the weld root.

For defects on the fusion face to the outer tube no
back wall echo is available and so we must use a beam
scanning technique in spite of the deficiencies pointed out
above. Fortunately defects on the fusion face are also
accessible to an angled beam of shear waves directed through
the forged material of the outer tube (see Figure 8b) .
The fine equiaxed structure of the forging permits shear
waves to penetrate through to the fusion face. However,
attenuation within the weld is so high that the technique
is limited to defects in the immediate vicinity of the
fusion face.
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I t will be evident from the discussion above that not
only is the detection of defects in austenitic welds
troublesome, but also that the difficulty of measuring
defect size is increased by the variable attenuation found
in these welds. Nevertheless, by controlling both the weld
shape and welding procedure, a useful inspection technique
has been developed.

4.2. Inspection of Austenitic Butt Welds

A programme of work has been commenced to establish the
possibilities and limitations of ultrasonic inspection of
butt welds in austenitic material. Thes.e are in widespread
use and fea.ture particularly in current fast reactor designs.
Although this development is aimed primarily at welds between
identical materials, i t is equally appl icable. to transition
welds and, indeed, the example to be discussed here is such
a weld between 316 stainless steel and 2>j%Cr l%Mo ferritic
steel. In the ultrasonic inspection of a transition weld
there may be complications, arising from the. interface
between the dissimilar metals, that are absent in a non-
transition weld. Our experience suggests that these effects
are of less significance than the properties: of the weld
metal itself.

The object of the exercise was to decide which o.f two
alternative weld designs would be preferable for non
destructive examination. Both employ a weld metal that,
•retains a columnar grain structure down to room temperature
- in one case 316 stainless steel., in the other Inconel. .182.
Thus the problems of inspecting these welds will be identical
in most respects to. those to be expected for any austenitic
butt weld.

Trial welds were made between flat plates 50mm thick.,
the surfaces of which were subseauently machined to remove
the weld root and cap. cylindrical holes 3mm in diameter
with their axes along the direction of welding were then
drilled in the weld metal and at the fusion faces, to
serve as target reflectors for the ultrasonic beam. The
inspection was carried out using short pulses of compression
waves with beams normal to the plate surfaces and at 45
to them. The two weld designs and their effect on the
propagation of the ultrasonic beams are now considered in
turn.

The first design examined used a single-sided weld with

a J-preparation. Inconel 182 was deposited with the M.M.A.
(manual metal arc) process. The weld cross-section and
target reflectors are shown in Figure 11; Figure 11 shows
the etched macro-section of the weld which reveals the grain
structure characteristic of an austenitic butt weld made
with the M.M.A. process.

In the fi l let weld discussed above the volume of weld
metal was large compared with the area of weld at the fusion
faces and so localised cooling effects at the fusion
boundaries did not unduly affect the orientation of the
columnar grains. The grain orientation was, therefore,
substantially uniform throughout the weld. In butt welds
such uniformity is prevented by significant cooling effects
at the fusion faces. The maximum thermal gradient is normal
to the weld surface in the centre of the weld but normal to
the fusion face at the edges. Moreover, rapid cooling at
the fusion faces results in smaller grains in this region
than elsewhere.

With a normal beam directed down the centre of the weld
a remarkably low attenuation (0.16dB/mm) was observed with
a short pulse 5MHz probe. The drilled holes could be
detected at all positions within the weld metal with at least
12dB signal to grass ratio, both with normal and 45°
compression probes, though with the latter higher electronic
gain was needed to compensate for the lower sensitivity
of the probe. However, although the holes could be readily
detected, the positioning of the reflectors was in some
cases in error due to the skewing of the beam discussed
above. This effect was further examined by positioning
transmitter and receiver probes on opposite faces of the
plate and scanning the receiver along a line perpendicular
to the weld for a series of transmitter positions along a
similarly oriented line. With the transmitter placed on the
parent material or on the weld centre-line the maximum
through-transmitted signal was obtained with the receiver
directly above the transmitter, but for all other transmitter
positions under the weld the maximum signal was received with
the second probe not directly above the transmitter. In
certain positions the transmitted beam was bifurcated and
there were two maxima in the received signal, i t is believed
that this unusual phenomenon arises from the inhomogeneous
nature of the weld metal in a butt weld discussed above.
The non-uniformity of the grain alignment enables sound to
find more than one path between the two surfaces of the
welded plate. A similar 'double image1 of one of the
cylindrical holes has also been observed.



The results for this weld design may be summarised by
saying that the target holes could be detected, but that
positioning and sizing of real defects would be difficult
because of the skewing effects.

The second weld was made with the English Electric Mark
III design. An asymmetric weld preparation was used (see
Figure 12a) and, after buttering the ferritic face with
2*s%Cr l%Mo weld metal followed by a layer of 316 weld metal,
the joint was made with 316 filler. The M.I.G. (metal inert
gas) process v/as used to make this weld and it is believed
that this was responsible for the grain structure observed
(Figure 12b). Instead of the long grains growing epitaxially
across many weld beads with a well-defined orientation usually
seen in the M.M.A. welds, this weld had 'fans' of grains
within each bead which only occasionally extend into the next
layer of beads. It is believed that this is caused by the
higher and more localised heat input resulting from the M.I.G.
process which causes a deeper remelting of the underlying
beads. This in turn means that the liquid-solid boundary is
more curved than in a bead deposited by the M.M.A. process
and consequently the grain growth direction is not so well
defined.

The effect of the less ordered grain structure is clearly
seen in the ultrasonic behaviour of this weld design. The
attenuation measured with a beam normal to the plate surface
was high - O.55dB/irm. Drilled holes in the lower half of the
weld could not be detected above the grass. On the other
hand there was no evidence of beam skewing. This pattern of
response may be understood if this weld is regarded as having
a grain structure intermediate between the highly ordered
columnar grains of the fillet weld and the equiaxed grain
structure found in a forging. In a forging there is no
texture and consequently no macroscopic anisotropy; in welds
made by the M.M.A. process there is a strong fibre texture
and consequently a strong elastic anisotropy. In the
former case the disorder leads to high scattering and hence
high attenuation. In the latter structure the increased
long-range order reduces the scattering but leads to
significant modifications of the ultrasonic beam. A M.I.G.
weld apparently occupies an intermediate position. Our
understanding of the characteristics of M.I.G. - welded
material is as yet incomplete and work on this is continuing
but on the basis of the above tests the first of the two
designs is to be preferred for non-destructive testing.

5. DISCUSSION

The preceding sections have discussed the difficulties
in ultrasonically inspecting austenitic welds and highlighted
some of the fundamental causes of such problems. These
advances in our understanding of ultrasonic propagation in
austenitic welds have enabled improved inspection techniques
to be developed. It is clear that further significant
improvements in austenitic weld inspection will arise from
recognition of the dominant role played by metallurgical
structure. In some cases inspection may be improved by
choice of technique to suit the existing structure. In others
it may be possible to optimise the structure and geometry
of the weld itself as for the fillet weld discussed in
Section 4.

A further benefit of this approach is that the important
metallurgical influences are recognised and controlled. A
great danger in the purely empirical approach to austenitic
weld inspection is that a techniqu developed on a test
weld may be useless when applied to an apparently similar
weld due to changes in the structure arising from an
uncontrolled welding parameter. This is also the objection
to an approach based solely on improved inspection methods.
Techniques such as focussed or short pulse probes or signal
processing may be valuable to improve signal to scatter
ratios, but can only be applied with confidence once the
important metallurgical variables have been recognised and
controlled.

At the time of writing it seems likely that some kind
of inspection technique can be devised for most austenitic
welds. However the sensitivity to defects will usually be
inferior to that achieved in ferritic welds. Also, there
will be additional difficulties of defect size measurement.
These limitations have two important implications for plant
designers. Firstly, since inspection cannot be relied upon
to detect very small defects, we cannot use ultrasonics
as a quality control tool to reject small, innocuous defects
when they occur in such quantity .that they represent bad
welding quality. Consequently the customary post-fabrication
acceptance standards in which small defects are unacceptable
are likely to be impractical in many cases. Acceptance
standards based on rejecting only those defects which have a
significant effect on the integrity of the plant will have to
be used. Such 'fitness-for-purpose' standards will usually
be based on fracture mechanics analyses.



A further point is that, with a limited inspection
sensitivity, no general guarantee can be given that even
the larger defects, which fracture mechanics show to be
unacceptable, can be detected. With ferritic welds it is
possible to assume in most cases that, provided the weld
geometry, position and thickness are suitable, the significant
defects can be detected with a high probability of success.
This assumption cannot be made for austenitic welds. The
plant designer must identify those welds which must be
The maximum tolerable defect sizes must then be calculated
and compared to the sizes which can be detected ultrasonically.
Calculation of the detectable sizes will involve consideration
of the welding metallurgy, weld geometry and position and will
often require construction of weld test blocks. It will be
clear that this is not a trivial matter and is likely to
occupy considerable time. This means that the designer of
plant containing austenitic welds which must be inspected
should initiate the calculations and experiments discussed
above at the earliest possible stage if serious delays are
to be avoided. Indeed, the results of these calculations
may influence the design itself if the. intolerable defects
cannot be detected.

6. CONCLUSIONS

1. Strong <3-00> fibre textures are produced in austenitic
welds with the <5.OO> fibre axis parallel to columnar
grain boundaries.

2. The orientation of the fibre axis is a function of the
welding procedure and can be varied over a wide range
by simple modifications to the weld procedure to improve
ultrasonic inspection.

3. Ultrasonic propagation depends strongly on the
orientation of the ultrasonic beam relative to the fibre
axis. The beam width varies, being smallest when the
sound propagates along a direction of maximum velocity.
The signal to grass ratio is also a maximum when
the beam is along such a direction (approximately 45
to the fibre axis). The beam axis, in general deviates
from the direction it would have in equiaxed austenitic
steel.

4. Consideration and control of the weld structure must
precede attempts to improve inspection sensitivity by
the use of special transducers or signal processing
methods.
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5. Sensitivity to small defects is, in general, unlikely

to be as high for austenitic welds as for ferritic
even when the weld structure has been optimised.
Austenitic welds should, therefore, be examined to
acceptance standards based on fracture considerations.

6. Plant designers should take account of the limitations
of ultrasonic inspection when applied to austenitic
structures at the earliest possible stage.
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FIGURE 1 OPTICAL MICROGRAPH OF A 316 FILLET WELD.
SHOWING COLUMNAR GRAINS.

90

FIGURE 2a. SCHEMATIC DIAGRAM OF HEAT FLOW
FOR A HORIZONTAL-VERTICAL WELD.

FIGURE 2b. SCHEMATIC DIAGRAM OF HEAT FLOW FOR WELD IN
THE DOWNHAND POSITION.
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VARIATION OF TRANSMITTED SIGNAL AS A FUNCTION OF DIRECTION OF PROPAGATION RELATIVE TO COLUMNAR GRAIN AXES.
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SCHEMATIC DRAWING SHOWING ORIGINAL (FIG. 8a)
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FIGURE 11. SHEAR WAVE INSPECTION OF FORGING FUSION FACE.
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FIGURE 12a. ETCHED MACRO SECTION
OF INCONEL 182 TRANSITION WELD

FIGURE 12b. SECTION OF INCONEL182 TRANSITION WELD
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THE NON-DESTRUCTIVE TESTING OF TRANSITION WELDS

A . R . WAGG
N, D« T. Applications Centre
CEGB, Manchester
United Kingdom

Abstract

This paper reviews C.E.G.B. experience of the N.D.T. of transition

butt welds joining tubes, pipes and thick plates. Pre-service inspection

has been predominantly by radiography, while dye penetrants have been most

frequently used for the in-service inspection of pipe to pipe welds. Some

ultrasonic inspection has been performed with conventional techniques but

its value was uncertain because of high attenuation and scatter in the weld

metal. Nevertheless, ultrasonics is potentially the most useful technique,

particularly for in-service inspection. Recent laboratory work is described

which shows that the ultrasonic inspection of transition welds presents

essentially the same problems as for austenitic welds of similar geometry,

and that a limited sensitivity inspection is usually possible. The welding

process used and the thickness of the weldment are identified as the most

important factors governing the inspection capability.

1. INTRODUCTION

Designs at present under consideration for a commercial fast reactor

are likely to incorporate transition welds between austenitic and ferritic

steels. A variety of such welds have been in service in both conventional

and nuclear power stations for some years, joining both small tubes
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(typically 50 mm o.D) to each other and large pipes (upwards of 200 mm O.D).

A review of the operating performance of thick section joints was produced

by Rowbury and Bagnall (1978) in which they conclude that no current design

can be guaranteed to remain crack free for 100,000 hours, although failures

are rare and more recent designs are uncracked and could remain so. Partly

as a consequence of this, little effort has so far been put into the non-

destructive testing of transition welds. This report reviews inspection

experience within the C.E.G.B. and is based on verbal communicatxons, a very

limited amount of published material, and preliminary work at the N.D.T.

Applications Centre.

2. PAST EXPERIENCE OF TRANSITION WELD INSPECTION

2.1. Thick Wall Pipe to Pipe Butt Welds

Most thick wall welds which have been in operation within the Board

are in coal-fired plant in the Midlands Region, although a number of large

transition welds are due to come into service in the Advanced Gas-Cooled

Reactor (A.G.R.) Stations. Four different types of joint, the Jessop-

Saville, the Kellogg Mark II and the English Electric Marks I and III are

described by Rowley et al. (1969). In most cases these take the form

of transition pieces which are joined to the adjacent pipework by conventional

welds at each end. The Jessop-Saville joint is made by punch boring and

mandrel forging an ingot which has been made by vacuum arc melting a

consumable austenitic/ferritic electrode, leading to a gradual change in

composition and structure. By contrast, in the Kellogg joint austenitic

steel is deposited from a consumable hollow electrode onto a forged 2*jCr lMo

ferritic pipe. An abrupt planar interface normal to the bore axis results,

with the austenitic material containing large columnar grains elongated

in the axial direction.

The English Electric joints are both V-shaped butt welds, in which two

buttering layers are first deposited onto the ferritic pipe. In the Mark I

joint these are both austenitic, while in the Mark III joint the first

buttering layer is formed from a Nb stabilised 2!sCr IMo weld metal. The

remainder of the weld is completed with 316 filler when joining either 316

or 347 parent pipes. While the detailed composition of the parent steels is

not likely to significantly increase inspection problems, the grain structure

of the austenitic weld metal and the abruptness of the transition region will

have a profound influence .

2.1.2. Inspection Methods

Three different inspection techniques, ultrasonics, radiography and dye

penetrants have been employed. The transition joint is normally made in

the works where it is radiographed by placing a source inside the pipe, and

then penetrant tested before installation. During service radiography

is usually impossible as the source can no longer be placed inside the pipe

and in nuclear stations the method may be ruled out by background radiation.

In-service inspection has so far consisted of dye penetrant testing

supplemented in some cases with ultrasonic testing whose value at present

is uncertain. The three methods are compared below.

Radiography

Radiography following fabrication is not expected to be more difficult

for transition joints than geometrically similar ferritic ones, although

spurious '.tramlines' and mottling produced by diffraction at large grains

have been reported in certain transition welds. However the limitations of

radiography are inherent. They include the difficulty in detecting planar

defects such as cracks, the impossibility of measuring the important through

thickness dimension and the unsuitability of radiography for in-service



inspection as discussed above. However, in-service inspection has been

conducted in coal fired stations and no significant defects have been

reported.

Dye Penetrant Testing

This method can only reveal surface-breaking cracks and. gives no

indication of their depth. In service it can usually only be applied to the

outer surface. Nevertheless it has been the most widely applied method and

is considered the most productive available, because it is readily applicable

to transition joints and has found defects. In most instances these have

been small cracks one or two millimeters deep which have been ground out,

but 25 joints have been removed due to cracking including one weld in which

a crack was found in an English Electric Joint running nearly half way

around the weld circumference, along the boundary between the cladding and

ferritic pipe. The whole weld was cut out and subjected to a detailed

ultrasonic examination described in Section 3 of this paper. Sectioning

showed the crack reached a maximum depth of 12 mm measured parallel, to the

fusion face.

Ultrasonics • . :

This is potentially the most valuable technique because it can detect

defects throughout the volume of the joint and offers the possibility of

locating and sizing cracks. It can also be used in service, except where

there are access limitations arising from the proximity of other components

or the presence of high radiation levels. Even in the latter case, remote

manipulators can sometimes be employed.

Unfortunately transition welds share the same inspection problems as

austenitic welds. These have been described by many authors (e.g.

Tomlinson et al 1978). In essence, a welded or cast austenitic material
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contains large anisotropic columnar grains which may diffuse, bend and

scatter an ultrasonic beam, giving both a high attenuation and a noise

background. A degree of columnar grain alignment exists, depending upon

the welding method, giving rise to macroscopic velocity anisotropy. This

leads to a directional dependence of attenuation and deviation of the beam

axis from the expected propagation direction.

The weld metal is generally impenetrable for shear waves although

Kupperman & Reimann (1976) have demonstrated transparency for certain

polarisations. Even then, the interpretation of the source of echoes is

complicated (e.g. Yoneyama, 1978). While shear waves can penetrate

forged parent materials, reflections from the interface between the weld

metal and ferritic pipe in transition welds have given rise to apparently

spurious indications.

The Midlands Region has applied ultrasonic testing to transition welds,

typically in the form of 20O-225 mm bore Kellogg joints. An angled shear

wave beam intercepted the fusion face from the ferritic side after reflecting

from the bore. It was difficult to interpret the results and it is unlikely

that significant penetration of the austenitic material was achieved. Such

a supposition is supported by the observation that the weld was opaque

in some cases to compression waves propagated radially. Spurious reflections

were observed, possibly from the interface.

A series of large transition welds including Jessop-Saville and English

Electric types were operated for several years in a test rig at Marchwood

Engineering Laboratory. These were ultrasonically examined at intervals during

the test (Grant, 1976). The Jessop-Saville joint had an 84 mm wall thickness.

No indications were observed in shear wave tests and compression waves



could penetrate the austenitic region. A similar penetration was not

obtained through the English Electric joint, presumably due to high

attenuation, and several indications from the interface were observed with

shear waves. There was no certain assessment of shear wave penetration and

the findings of any subsequent destructive examination are not available.

The results on both types of weld are therefore inconclusive, but confirm

the difficulties described initially.

2.2. Thin Wall Tube To Tube Butt Welds

Many such joints are used with the C.E.G.B., usually made up as

transition pieces, which in some cases also involve changes in tube

diameters. Outside diameters and wall thickness lie typically in the range

25-100 mm and 3-18 mm respectively. Several failures under pressure test

have been reported (e.g. Burns, 1975, Chastell and Elder, 1976, Elliot and

Dowding, 1975). A number of on-load failures of flash butt welded joints

have been reported from the North Eastern Region. This type of joint is

difficult to test by either ultrasonics or radiography because of

geometrical features imparted by the welding process rather than the fact

that dissimilar materials are joined. Cusps are formed at the bore of the

tube which are difficult to distinguish from cracks. A pitch and catch

ultrasonic method was developed in the laboratory but proved unsuccessful

on site due to variable surface scaling and tube misalignments. As these

"roblems are not specific to transition welds they will not be discussed

further.

The most widely used transition pieces contain fusion welds with an

austenitic filler. Later versions used nickel rather than iron based fillers

(e.g. Burns, 1975) to improve the mechanical properties but there is no

reason to believe that this makes a significant difference to testing

capabilities. In either case the weld metal will have a much higher

ultrasonic shear wave attenuation than a similar ferritic weld, but this is

not necessarily a prohibitive factor in thin wall tubing.

Transition pieces are normally made in the works and subjected to

dye penetrant and radiographic tests, and in some cases sample destructive

tests. Such methods have been used during station operation without special

difficulties. Radiography is easier in smaller wall thicknesses and such

tubes can be examined from the outside. When 50 mm O.D., 4 mm wall reheater

transition joints were installed in the North Western Region for example, all

joints were radiographed without difficulty and no failures have occurred

so far. However both radiography and penetrant testing suffer from the

intrinsic limitations described in Section 2.1. Ultrasonic testing has to

overcome the same problems as for large pipes except that shear waves may have

sufficient penetration, particularly in the very thin wall tubing.

Unfortunately, echoes from weld roots and caps and general difficulties in

defining the source of indications may then take over, and are a function

of component geometry rather than material.

Elliot and Dowding (1975) have described the shear wave examination

of 11 mm wall joints from the ferritic side. Reference targets in a

calibration sample took the form of 1*5 mm deep x 10 mm long slots on the

inner and outer surfaces, just on the ferritic side of the tube. A number

of cracks were detected in this way but the weld could not be satisfactorily

penetrated from the austenitic side and it was concluded that penetrant

testing was the best testing method available (Elliot, private communication).

A similar shear wave method was employed by the North Eastern Region,

including a pitch and catch technique. Works trials were successful but



site application gave defect indications which subsequent sectioning

suggested were spurious and the tests were abandoned.

The feasibility of testing transition welds between Sanicro 71 and 9% Cr

tubing of 28 mm O.D. and 3 mm wall was investigated at the N.D.T.A. Centre.

Twin crystal shear wave probes were employed and it was concluded that 1 mm

deep ( /3 wall thickness) cracks could be reliably detected and that the

major limitations were imposed by the small size of the tube and the poor

weld profile/ which exhibited large cap and root variations. If the latter

could be reduced, improvements in sensitivity might be obtained. The weld

structure was variable but the material properties did not present the major

problem.

Finally, Tomlinson (1977) used radial and angled compression waves to

test a 20 mm thick butt weld employing an inconel manual metal arc (M.M.A.)

filler. The weld was judged free of defects although certain areas of

slightly higher than average ultrasonic scatter were identified.

3. N.D.T.A. CENTRE EXAMINATIONS OF THICK WALL BUTT WELDS

3.1. English Electric Mark III Joints

1. Drakelow A Unit 2

A section of pipe containing the joint was removed from service after

50,000 hours of operation, following the discovery by dye penetrant testing

of a crack breaking the outer surface around half the circumference. An

etched section of the weld is shown in Figure 1, in which the crack can be

seen following the interface between the ferritic and austenitic buttering

layers to a depth (along the interface) of 8 mm. The pipe has an outer

diameter of 248 mm and wall thickness of 34 mm. The crack was detectable

by shear waves propagating through the ferritic pipe using a skip from the

bore but no indications were observed for shear waves passing through the
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weld metal,, which offered a much shorter inspection path. This accords

with previous experience of very high shear wave attenuation in such weld

metal. Short compression wave pulses are able to penetrate both the weld

and parent materials and were employed for all subsequent tests.

Measurements were made in immersion with a 15 mm diameter single cycle

probe of centre frequency of 5 MHz. Immersion methods were chosen to give

easier scanning with reliable coupling and continuously variable beam angles.

Comparable results could have been achieved from contact scans but with less

convenience. Emphasis was placed upon the detection and plotting of the

crack by a variety of methods rather than upon an accurate determination of

its depth. Compression wave beams were propagated radially, and at 45° to

the pipe axis from both the bore and outer surfaces. The 45° beams were

normal to the austenitic-ferritic interface which forms the most probable

plane of extensive cracks.

Mean attenuation levels in the centre of the weld were 0.09 and 0.08

db/mm in the radial and circumferential directions. The main body of weld

metal was deposited by automatic T.I.G. welding. The observed attenuations

in this weld are rather smaller than those usually found in M.M.A. austenitic

welds, particularly in the circumferential direction. This point will be

discussed later in relation to the other welds. In the present case the

attentuation was low enough to allow at least a limited sensitivity

inspection of the whole weld volume.

A strong echo from the crack was obtained with a beam propagating

through the weld metal from outside the pipe at 45 to the component surface.

The indication persisted for 150° around the circumference and for 12 mm of

axial movement. The crack depth may be inferred from axial scans of the echo

amplitude. Uncertainties arise from the crack roughness and changing



inspection path length through weld metal of varying attenuation. Also in

this case the crack depth is only slightly greater than the beamwidth.

Measurements of the section shown in Figure 1 gives a length along the fusion

face of 8 mm, compared with an ultrasonic measurement of 8 mm at a point

16 mm further round the circumference. As the depth is likely to vary

slowly in a crack of this length, agreement is good but perhaps fortunate in

the light of the above remarks.

The crack may also be very clearly detected by a 45° compression wave

beam from the bore. During service this is not an available testing option

and if compression waves are reflected from the bore, echoes become

difficult to interpret because a shear wave beam is also generated. Thus

this method is complicated for detecting unknown defects but could be of use

in supplementing data on defects first located by other means. Alternatively,

shear waves also give a strong echo from this particular crack following a

skip from the bore. For either mode, the crack echo far exceeds any other

echo from the fusion face.

Five small isolated indications were observed in the body of the weld

during radial and 45 compression wave scans from the outer surface. In view

of the small number of strong localised reflectors it is probable that these

arise from genuine small defects rather than from the grain structure.

Finally, Figure 1 shows a small root crack nearly 2 mm deep and other

sections suggest it extends to this depth over most or all of the

circumference. This was not detected ultrasonically although no special

attention was paid to the root region at the time. Further work is

necessary and it is possible that slightly deeper cracks will be identifiable.

It is certainly possible to detect the change from austenitic to ferritic

material at the pipe bore from the 45° compression wave scans. The ferritic
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pipe accumulates far more scaling during service, giving rise to a continuum

of scatter from the bore several times larger in amplitude. Unfortunately

the axial position at which this increased scatter begins coincides with that

at which a root crack echo would occur. This factor imposes a limit on

detectable crack depths, although other effects may prove still more

important.

2. Drakelow A Unit 4

An identical weld to the above was removed from the same station, also

because a similar surface breaking crack had been found by dye penetrant tests.

An ultrasonic shear wave measurement conducted by the Midlands Region

estimated the crack depth to be in excess of 12 mm. At the N.D.T.A. Centre

radial and angled compression wave scans of this crack from the outer

surface were made as before.

The radial attenuation in the centre of the weld was 0.2 dB/mm, higher

than in the other weld but not by enough to seriously reduce sensitivity

in a 34. mm thickness. The difference between the two is of the order of

positional variations within either weld and therefore does not imply a

significant structural difference.

A series of plots of crack echo amplitude against circumferential

position for 45 compression waves incident through the weld metal were

taken at axial positions 3 mm apart. One such trace is shown in Figure 2.

Again the crack appears to follow the ferritic fusion face, extending

circumferentially for about 45 or 90 mm. In this weld the crack is deeper

than in the previous weld, to the extent that the bore echo is totally

obscurred for a radial beam. Figure 2 also shows a plot of the bore echo

against circumferential position at the same axial position.



Independent estimates of the crack depth can be made from both sets of

data. It is assumed that the beam axis passes through the crack tip when

the crack echo is 6dB below its maximum value. The beam axis is also

assumed to pass through the same point when the header bore echo has fallen

by 6dB due to obscuration by the crack. The resulting crack profile in the

plane of this fusion face is plotted in Figure 3 as deduced by both methods.

Maximum depths of 21 and 22 mm were recorded, although the uncertainty in

either measurement will be of order +_3 mm. A destructive examination of.

this weld has not yet been possible.

3. P.F.R. Spool Piece Trial Weld (English Electric Type)

The N.D.T.A. Centre was asked to investigate the feasibility of

ultrasonically inspecting a transition weld to be incorporated into the

Prototype Fast Reactor (P.F.R.). This weld is in effect a butt weld

joining 50 mm thick plates of 316 austenitic steel and 2k Cr 1 Mo ferritic

steel. Two alternative designs were under consideration and samples of each

were made to compare inspection capabilities. One option used an inconel 182

filler and is described in the next section. The other was an English

Electric Mark III joint and is described below.

A section of the weld is shown in Figure 4. It differs from the

Drakelow welds in two respect. Firstly, far less of the root was machined

back and secondly a MIG rather than a TIG weld process was used. The

resulting grain structure is qualitatively the same, columnar grains forming

a fan structure within each individual bead, but the overall grain size is

far larger.

The same ultrasonic methods were employed as before, supplemented by

the use of a 45 contact compression probe, described in detail by

101

Tomlinson (1977). Compression wave attenuation normal to the surface in the

centre of the weld was 0.55 dB/mm, far higher than for the TIG welds and

sufficient to reduce severely the inspection sensitivity in the lower half

of the weld. Indeed, a 3 mm diameter transverse hole on the weld centre

line just above the root could not be detected. A similar hole in the

centre of the weld at a depth of about 25 mm was detectable by normal

and 45 compression wave beams but the probe positions at which the normal

probe indications maximise show that the beam deviated from its nominal

direction. This effect was more pronounced for a further 3 mm hole at the

same depth but on the ferritic fusion face. Both holes were readily

detectable but would be mispositioned by 2 or 3 mm using the normal probe.

These deviations of the beam from its expected direction of propagation

are explicable in terms of the velocity anisotropy. Tomlinson et al (1978)

discuss compression wave propagation in parallel columnar-grained 316 weld

metal. The ray direction (in this case the beam axis direction) and the

wave normal (for a normal probe this is defined by the normal to the

test surface) are only parallel to each other for propagation at 0, 48 and

90 to the grain axes. At other angles of grain inclination, the beam

axis may be skewed from its expected direction of propagation (i.e. normal

to the test surface) by up to 15 . The prediction of beam paths in butt

welds is complicated because the inclination of the grain axes changes

towards the fusion faces. This problem has been tackled by Silk (1979).

In the present MIG weld, each bead exhibits a fan of columnar grains. The

inconel M.M.A. weld discussed in the next section has a higher degree of

grain alignment of therefore velocity anisotropy. As might be expected,

beam skewing is even more pronounced.



3.2. Inconel Welds

(1) P.F.R. Spool Piece Trial Weld (Inconel)

This weld formed the other alternative design for the P.F.R. spool

piece, employing a 'J' prep with an inconel 182 M.M.A. weld deposit. An

etched section is shown in Figure 5, in which long highly aligned columnar

grains are seen, characteristic of M.M.A.. austenitic welds. The formation

of this type of structure is discussed by Baikie and Yapp (1977). The grains

are much longer and more highly aligned than in the MIG weld.

Inspection methods were employed identical to those for the English

Electric type spool piece weld. Attenuation in the weld centre normal to the

surface was 0.16 dB/mm, much lower than in the English Electric weld. A

3 mm diameter transverse hole on the weld centre line at a depth of 28 mm

was detectable with a normal probe. However this target gave echoes

from two different probe positions. The same effect is even more pronounced

for a 3 mm hole on the fusion face just above the root, as shown in Figure

6. Deepening the hole caused both indications to extend as expected

verifying that both came from the same target. Unlike a similarly placed

hole in the English Electric Weld, this hole was also clearly detectable

by a 45 beam through the weld metal and of course through the parent

metal.

The double image and beam skewing effects may be seen more clearly

in Figures 7, 8 and 9, in which the through transmitted signal is plotted

for different transmitter positions. As the probe moves across the weld,

the inclination of the grain axes changes and therefore so does the angle

by which the beam axis is skewed. A forked beam is produced when a

significant change in grain orientation occurs across the crystal face.
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The same thing happens in the English Electric MIG welds but to a

lesser extent, because of the lower degree of grain alignment. The result

for the inconel weld is that although targets are more readily detectable,

they may from certain inspection directions be mislocated or even recorded

as two separate features. Fortunately, 45° beams which are the most useful

for seeking extensive fusion face cracks, suffer least from this effect

because of the relative orientation of the bulk of the grain axes.

(2) Stourport Transition Piece

A further example of an inconel weld was provided by a spare transition

piece for Stourport Power Station. The weld had not of course been in

service and no evidence of defects were found. No targets could be

inserted so measurements were confined to transmission and attentuation

checks. The weld thickness was 68 mm, thicker than any previously tested.

Despite this, a bore echo in the weld centre was clearly obtained with a

normal probe, corresponding to an attenuation of approximately 0.18 dB/mm.

Satisfactory transmission at 45 was established by reflecting a 45 beam

from the bore to separate receiver. The transmitter and receiver were

scanned in tandem axially across the weld. The transmitter signal varied with

the intervention changing thicknesses of weld metal. On the basis of these

measurements it was judged that the inspection sensitivity in this weld is

comparable to that for the previously described inconel weld.

4. DISCUSSION

Relatively little N.D.T. has been carried out on transition welds and

ultrasonics, potentially the most useful method, has met with little success

so far. Nevertheless the work described in Section 3 has shown that thick

section transition welds share the properties of austenitic welds and
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compression waves may be used for limited sensitivity inspections. The

inconel welds up to 70 mm thick have relatively low attenuation but defects

can be significantly mislocated. Also the steeper fusion face angles

currently employed would place fusion face cracks at less favourable angles

for ultrasonic detection than is the case for the English Electric welds.

The latter exhibit attenuation levels ranging from the very favourable

to those too high for a full volume coverage of a 50 mm thick weld if

scanning is confined to one surface. This seems to be a feature of MIG weld

deposits rather than an intrinsic property of the English Electric design.

Even so, large fusion face cracks such as have commonly occurred in service

can be easily found and sized with useful accuracy.

Two factors helped here. Firstly the welds which have seen long

service had a TIG weld deposit and were less highly attenuating. Secondly,

and of more importance, the most serious type of defects have occurred

where they are most readily detectable by both ultrasonics and dye penetrants.

The large fusion face cracks in the TIG welds would also have been detected

in the MIG weld. However it cannot be assumed as yet that all English Electric

welds will begin to fail in this manner. The ability to detect root cracks

has yet to be determined but initial trials missed a 2 mm deep crack in a

34 mm wall thickness. Sizing defects, particularly in the weld body, will be

difficult and reflection and refraction of the beam at fusion faces warrants

further investigation.

It is important to note that the Jessop-Saville joint, resembling a

forging rather than a weld, is reported as the most readily inspectable

joint by means of ultrasound. Unfortunately this design of joint is rare at

present.

Most of the problems reported on thin section welds stem from the

geometry rather than high attenuation, although one notable exception exists

and measurements to date have failed to provide an explanation.

5. CONCLUSIONS

1. The susceptibility of thick walled transition welds to ultrasonic

inspection depends upon the grain structure and thus primarily on the

weld process. In no case have they been found as inspectable as ferritic

welds.

2. Compression waves are required to give adequate penetration of thick weld

deposits.

3. M.M.A. inconel welds up to 70 mm thick may be inspected to a limited

sensitivity providing unfavourable grain alignments are not generated.

For some types and locations of defects, positioning and sizing will be

difficult.

4. English Electric welds with T.I.G. weld deposits were readily inspected

and the detection and sizing of fusion face cracks breaking the outer

surface was feasible.

5. English Electric welds with M.I.G. weld deposits were by far the most

highly attenuating of all types of transition weld examined. The

lower third of 50 mm thick welds was virtually uninspectable.

6. Limited investigations of Jessop-Saville joints suggest this type may

be the most suited to ultrasonic inspection.

7. Less work has been done on thin wall tube welds. Problems have been

partly geometrical. Some form of inspection is likely to be possible

in most cases, but to a lesser sensitivity than in ferritic welds.
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FIGURE 1: English Electric Mark III Weld, TIG Filler, 34 mm wall.
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FIGURE 3: Profile of surface breaking crack in English Electric Weld.

FIGURE 2: Variation of crack and bore echoes with
circumferential probe position.

FIGURE 4: English Electric Mark III Weld,
M.I.G. Filler FIGURE 5: Inconel weld, M.M.A. Filler
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EXAMINATION OP AUSTENITIC WELD MATERIAL, A COMPARISON
BEWEEN RADIOGRAPHIC AND ULTRASONIC TESTING

W. M. J. HAESEN, A. H. J. RENDERS, TH. J. TROMP
B, V, Neratoom, The Hague
Netherlands

1.Introduction

Inservice inspection for LMFBR's, such as the SNR

300 (Kalkar Power Station), poses some interesting

problems due to the special characteristics of

these installations. Compared to LWR's,vessel

walls are fairly thin and are mainly constructed

of austenitic material where most of the LWR

pressure boundaries are of ferritic material.

This paper deals with a small part of the development

work that is carried out in order to achieve

adequate volumetric examinations for sodium pumps

and intermediate heat exchangers.

In case of the SNR 300, besides visual examination

(TV), volumetric examination of all highly stressed

areas (welds) is required by the German licensing

authorities. For the sodium pumps this involves

examination of all nozzle welds. The wallthicknesses

vary between approx. 40 and 20 mm. The pump barrels

will be welded to the piping system which has, in

case of the primary circuit, a wallthickness of

8,8 mm (nominal"value).

For the inservice examinations ultrasonic testing

was adopted. The development work to date was

mainly focused on so called SEL transducers. SEL
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is a german abbreviation for: transmitter/receiver/

longitudinal. These twin crystal transducers with

intersecting beams which operate in the longitudinal

mode have mainly frequencies ranging from 2 to 5

MHz. Since the SNR 300 pump vessels have highly

curved surfaces - diameters: 1200 - 1800 mm for

the vessel and 600 mm for the nozzles - flat type

transducers were not considered.

For the pumps the Bundes Anstalt fur Materialpru-

fung (BAM) of Berlin supplied us with calculated

and tailor made SEL-transducers. These transducers

are not merely shaped contact type transducers but

they are designed in such a way that the acoustical

effects of the curvature of the test object is

taken into account. The focus point (intersection

of the beam axis) in steel is thus predetermined.

Naturally these transducers were tested in order

to ascertain their potential. Checking out of the

SEL transducers was done on an experimental pump

vessel. The test results were compared with data

obtained by means of highly accurate radiography.

The test program makes it possible to compare the

two NDT techniques in an objective manner.

In case of preservice examinations or fingerprint

measurements it is necessary to know how to evaluate

the SEL examinations.

After the non destructive tests were carried out

samples of the welds were cut out and subjected to

metallographic examinations.

The work described in this paper is in fact an

extension of the work presented at the 1976 IAEA

specialist meeting on inservice inspection [1].

O

o

o
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2. Testobject

For the examinations an austenitic pump barrel was

available; see fig. 1, photo 1. This is the vessel

of a prototype sodium pump which was tested by

Interatom/ Bensberg. These tests were made in

order to study the hydrodynamic behaviour of the

impeller design, bearings etc.

The vessel itself was not built to the same rigid

specifications as the SNR 300 pump vessels. Further-

more the vessel was constructed in a very short

time. Nevertheless the pump barrel is an interes-

ting test object since it has a number of natural

flaws as we knew from previous examinations. The

vessel has approximately the same dimensions as

the SNR 300 vessels. The weld geometries differ to

a certain extent, however, the volumes of the weld

metal are roughly the same. As the SNR vessel,

this vessel was built from austenitic material

equivalent to AISI 304. Again the material differs

slightly but this was not detrimental for the non

destructive examinations. Since the vessel was

discarderd, after sodium testing of the pump

design, it was allowed to cut samples from this

vessel.

3. Radiographic equipment

The X-ray machine was a Philips MG 420 constant

potential system with the metal ceramic MCN 421

tube with a Beryllium window. The maximum rating

is 4 20 kV/3mA for the small focus of 1,5 x 1,5 mm

and 420 kV/lOmA for the standard focus of 4,5 x

4,5 mm.

For this machine a special manipulator was available

The manipulator, see fig. 2, allowed for accurate

positioning of the X-ray tank. The manipulator was

inserted into the cylindrical part of the vessel;

see photo 2 and 3.

By means of the manipulator the X-ray tank could

be rotated in every direction. The positioning had

an accuracy of better than 2 degrees. The central

position of the tank was of course a great asset

since this resulted in films with a constant and

even density. All relevant weld area's were X-

rayed in three directions (lx normal/2x weld

preparation) when the geometry allowed this.

Mainly Kodak M type film was used. The films were

packed in disposable vacuum type pouches, photo 4.

Steel screens were used to minimize scatter radiation.

The film packing used in most cases was: 0,1 mm

Pb - Kodak M -Kodak M - 0 , l m m P b - 0 , 4 m m steel.

Most films were manually developed. CERL A and B

as well as DIN type penetrameters were used. All

radiographs had density of approx. 3.

4 #Ultrasonic measuring system

All ultrasonic results reported in this paper were

obtained by means of an Automation Industries S-80

reflectoscope. However, the S-80 pulser receiver

combination (type PR-IE) was modified for the SEL

transducers. The SEL transducers used were indivi-

dually matched to the S-80 by B.A.M. Table 1 gives

a review of the transducers used.
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A limited number of RTD, Vincotte and Krautkramer

transducers also of the SEL type were employed.

This was done for verification purposes. By using

these transducers the influence of particularities

of the BAM transducers could be eliminated. Some

of these transducers were specifically matched to

the Krautkramer USIP 11 equipment, therefore some

measurements were done with the USIP 11.

In a number of cases spurious signals were obtained.

These were caused by mode-conversions on the geo-

metry boundary or by the geometry boundary itself.

Small (k inch) Panametrics normal incidence shear-

wave and longitudinal transducers were used to

check the source of these spurious signals.

A number of calibration blocks was available, see

photo 5 and 6. The most complex one was a machined

(base metal only) section of inlet nozzle/sphere

joint, see fig. 3. Both flat bottom holes and.

cylindrical type artificial reflectors were used

in these blocks.

5. Testprogram

5.1.General

The test program comprised 5 parts.

1. Calibration of the NDE equipment

2. Radiographic examination (first run)

3. Ultrasonic examination (first run); the

operators were not informed on the results of

the radiographic examinations.

4. Additional radiographic examinations (second

run) after comparing the data from part 2 and

3.

5. Final ultrasonic examination (second run).

After this a final evaluation of all the information

obtained was made.

The amount of effort put into the calibration

procedures can not be overstressed. Calibration of

the equipment was time consuming and was a major

part of the program.

For the radiographic examination a tailor made

highly "flexible" manipulator was available.

5.2.1. Radiographic

Before starting the radiographic examination the

focal spot sizes were determined according to DIN

682 3. The measured dimensions were within the

tolerances as specified by DIN. Exposure curves

were developed, (milliampere - minutes against

material thickness for different kVp's) using the

small focus and the same film screen combination

as for the actual examinations. For this purpose a

special stepwedge of the same alloy as the vessel

material was manufactured.

5.2.2. Adjusting and Calibration of the Ultrasonic examination

The time basis calibration of the CRT of the

reflectoscope was 100 mm (steel) for longitudinal

waves. This was done with a normal incidence



longitudinal transducer. The delay time was adjusted

in immersion on a modified testblock 2 (according

to DIN 54122 this is a 40 nun wide stainless steel

304 testblock.) The zone 1 series of transducers

were checked on radius 25 mm and the zone 2 was

checked on a radius of 50 mm.

For every individual transducer the pulser/receiver

combination was adjusted in such a way that the

signal response from testblock 2 showed a minimum

number of duty cycles in a puls envelope (R.F.

signal) . This was done in order tot obtain maximum

resolution and to minimize the interference capacity.

The sound exit point of all tranducers was determined

in the conventional way on the modified testblock

2.

Determination of the beam angle of SEL transducers

is very complex, this is caused by the specific

beam geometry in the intersection area. After

conducting an extensive measuring program on all

available calibration blocks we found a strict

reproducibility between the depth of the cylindrical

reflectors in the blocks and the measured ultrasonic

transit distance.

The beam angle as calculated from the obtained

data formed the basis for making a graph for each

individual transducer for the apparent beam angle

as function of the ultrasonic transit distance;

see fig. 4 .

That is to say that flaw localization was done by

measuring the ultrasonic transit distance and by

determination of the beam angle corresponding to
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that particular distance according the graph of

the transducer used.

For each transducer a distance amplitude curve was

made by means of the cylindrical reflectors in

calibration blocks that were copies of the pump

vessel geometries. The determination of these

curves was based on at least 4 measuring points

(most transducers 6 points) in the intersection

zone of the SEL transducers. Reference was always

the "center zone" response of a 3 mm cylindrical

reflector, which was adjusted to 80% of the CRT

height. Zone start and zone end were always checked

by means of articicial reflectors.

Velocity and absorption measurements were carried

out. For the base material the longitudinal velocity

was: 5745 m/sec and the shear-wave velocity was:

3150 m/sec. The absorption for the base material

was: 0.0 8 dB/mm and for the weld material 0.6 -

0.9 dB/mm.

The correct gain adjustment on the receiver side

caused some problems. No suitable calibration

blocks with geometry and weld texture characteristics

identical to the pump vessel were available for this.

For the first series of measurements on the weld

metal 12 dB was added to the gain level which was

obtained while maing the distance amplitude

curves on non welded calibration blocks.

For this are two points relevant:

1. In most cases the acoustical path in weld

metal was approx. 20 mm, thus with 0.6 dB/mm

a value of 12 dB is found.
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2. By increasing the gain level with 12 dB the

"noise" of the weld material never exceeded

. the 15% CRT height.

The registration level for the ultrasonic examinations

was the DAC-curve plus 18 dB to meet the "-6 dB"

registration rule.

5.3. Radiographic examinations, first run

The quality of the radiographic examination was

better than what is required in DIN 54111. In the

series most of the welds were inspected with at

least two beam directions: one with the beam

perpendicular to the surface of the vessel and

where possible also with the beam axis in the same

plane as the "side walls" (weld preparation) of

the welds. It was assumed that the chance of

detecting lack of side wall fusion would be best

with this technique. In table 2 is quantitatively

shown the number of inhomogenities detected with

the right-angle penetration and the extra number

detected with the multi axial penetration. The

small inhomogenities (gaspores, slaginclusions,

etc.) are subdivided into 3 classes with discernable

dimensions of:

1. <_ 5 mm

2. 5 - < 10 mm

3. 10 - 20 mm

A separate 4th class was formed for large defects

(> 20 mm), lack of fusion, cracks etc.

In some cases it was not possible to make multiaxial

radiographs due to the vessel geometry. This

problem was present in weld nr. 1, 3 and 4 in some

areas. For weld nr. 5 it was not possible to make

radiographs with the tank in a central position.

It was not allowed to make exposures with the tank

outside of the vessel for reasons of radiation

protection. The beam divergence, with the diaphragm

used, coincided approx. with the side wall (weld

preparation) of weld nr. 2. On account of these

aspects in table 2 some blanks (-) are present.

Some remarks as to the results:

- The detected number of flaws with dimensions

smaller than 5 mm illustrates the high resolution

obtained by the radiographic examination.

Penetration along the side walls does not

reveal much additional small volume defects.

The number and or length of additional defects

found increases with the dimensions of the

defects.

This is partly caused by the fact that with

the side wall penetration small defects can

be seen linked together and partly because

lack of side-wall fusion is easier demonstrated.

5.4. Ultrasonic examinations first run

The first ultrasonic examinations can be split

into two categories. The first category were the

examinations from the outside of the vessel, it is

obvious that this is the examination that is

relevant for the inservice inspection of vessels

of this kind.

The second category: examinations from the inside.

In this report we list only the additional flaws

we found by inspection from the inner surfaces.

The flaws registered can be devided into two

groups:
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1. small flaws with a length variing from a

single spotlike indication to defects with a

length up to 5 mm.

2. defects longer than 5 mm

In table 3 the results are given, the cumulative

flaw lenght is also presented.

Remarks concerning the results listed in table 3

Weld no. 1: by inspection from the outside with

zone 2 transducers there were many signals originating

from the inside hardfacing of the inlet nozzle due

to the shear-wave component (beam angle 25°) of

the transducer, see fig. 5 and photo W.F. 1. The

sound path ..pf the shear wave is identical to that

of the longitudinal wave. Discrimination between

these two was not possible. It was tried to avoid

these problems by examining the flaws in hard

facing with a normal longitudinal transducer. To

acertain extent discrimination was possible. The

cumulative flaw length of 1345 mm for weld no. 1

could be smaller than indicated.

In weld no. 4 the same problem occured. In this

case it was not the stellite facing that caused

the problem but segregations in the base metal was

the cause of the spurious signals. These segregations,

fig. 6 and photo W.F. 17 and 19 were in the middle

region of the wall of the cylindrical part of the

vessel.

Weld no. 6: by scanning from the outside and from

the inside over a region of approx. 1000 mm in

length very "high" signals were obtained with such

a high response envelope for each individual flaw

as was not observed before with SEL-transducers.

From the signals obtained only one conclusion was

possible: there had to be cracks in the base

metal. Later, by the destructive examination this

proved to be correct. Since these cracks were

accidentally found in the base metal in an area

that was not X-rayed these cracks were not taken

into account as far as the comparison between X-

ray and ultrasonics goes.

If one compares the results between examination

from the outside with those obtained by a 100%

examination approx. 35% of the cumulative flaw
length is missing.

5.5. Intermediate evaluation

In this chapter the results of the X-ray examination

are compared with the ultrasonic examination.

1. From the tables and it is clear that there is

a remarkable difference in the capability to

detect small flaws (< 5 mm).

2. Comparing the cumulative flaw length for all

welds, obtained by the X-ray examination

(2175 mm) and the ultrasonic examination

(2660 mm) there seems to be a reasonable

agreement between the two methods. As explained

in the chapters 5.3. and 5.4. this overal

agreement may be blurred by the fact that the

X-ray examination allows detection of a

string of separated defects. This string of

separated defects is seen as one continuous

flaw (-6 dB registration level) with ultrasonic

examination. For the welds 1 and 4 the ultrasonic

examination had the problem of indications



114
caused by shearwave components from the

stellite hard facing and the segregation

zones. The segregation zones in the base

metal caused no problems for the radiography.

3. A more detailed review of the evaluation is

presented in table 4.The level of agreement

between ultrasonic and X-ray can be subdevided

into three classes:

class a: no to very poor agreement

class b: reasonable agreement

class c: good to complete agreement

The results of the examination of the first run

can be summarized as follows:

class a: 9 %

class b: 3 %

class c: 88 %

These figures need some further explanation. It is

possible to derive at somewhat different figures

from the same data. In the evaluation more weight

was given to indications with a strict two dimensional

character. The 88% figures relates mainly to those

flaws that were "seen" by radiography as lack of

fusion and as a line shaped indication by ultrasonics.

A row of small individual imperfections on a

straight line close to each other on the X-ray

film and line shaped ultrasonic indications were

considered as being results that are in good

agreement with each other.

Differences of up to a factor 2 in flaw length for

ultrasonic/X-ray was considered "reasonable agreement",

We considered cases were only by X-ray lack of

fusion was found and not by ultrasonics a case of

poor agreement. The opposite also occured, ultrasonic

indications which were not found on the films. In

such a case one is confronted with the question:

is the ultrasonic indication a flaw or a spurious

signal that is related to the SEL technique.

5.6. Additional non destructive examinations

After the evaluation of the results of the first

series of examinations it was decided to execute

additional NDE on the pump vessel. The additional

examinations were focused on those specific areas

where there was poor or no agreement at all between

the X-ray and ultrasonic examinations.

5.6.1. Radiographic

Additional radiographic examination was carried

out only in those areas where in the first run

flaws with a length over 20 mm were detected with

ultrasonics whereas the radiographic examination

did not reveal any such flaws. The examination of

such an area was done by translating the X-ray

apparatus each time over a distance of 5 or 10 mm.

As a consequence of the diverging nature of the X-

ray beam each area of the weld was examined with

different beam angles.

The results are summarized in table 5. On the

additional radiographs only an additional length

of 180 mm lack of fusion was found. Much effort

was put in the X-ray examination of an area of

1000 mm circ. X 100 mm, base metal only, near weld

no. 6. The cracks that were detected by ultrasonic

examination could not be found on the exposures.
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5.6.2. Additional ultrasonic examinations (second run)

The additional ultrasonic examinations were at

first concentrated to those positions in the welds

were X-ray had shown clear cases of lack of fusion.

It was tried from both surfaces to find these

flaws by increasing the gain of the receiver in

steps. When the weld noise reached an amplitude

level of 30% CRT height this procedure was stopped.

It is obvious that such a high gain level produces

a very poor signal to noise ratio. This of course

produces difficulties in interpretation.

The main results of the second series ultrasonic

examinations is given in table 6.

The second run of ultrasonic examination s produced

with respect to the first run very little useful

additional information. On account of this the

conclusion was reached that the original ampli-

fication for the receiver was well chosen.

Only for weld no. 1 the internal examination

yielded an extra cumulative flaw length of 510 mm

lack of fusion. Here the receiver gain was of

necessity so high in order to get some signal from

this particular defect which was found by X-ray,

that the weld metal noise level reached 30% CRT

heights. It is obvious that such noise levels pro-

duces very poor signal to noise ratio's which was

in this case not better than 6 dB.

is in this case only a small difference with the

intermediate evaluation (see 5.5). The high level

of agreement between X-ray and ultrasonic examination

obtained during the first series of examination is

almost not changed by additional N.D.E. The results

are shown in table 7.

class a:

class b:

class c:

0%

92%

By a very thorough choice of the X-ray- and ultra-

sonic system parameters one can detect even small

flaws in welded austenitic structures with a high

reliability and very sensitive detection level.

5.8. Metallographic examination

After completion of the NDE it was decided to cut

samples from the vessel for further examination.

It was felt that it was not necessary to examine

further those area's were X-ray and ultrasonics

were in good agreement with each other. The spots

were there was poor agreement or were ambiguous or

unexplained flaw indications were found were

partially cut from the vessel, see photo 7, 8 and

9. This was done on five different spots. Half of

the suspected area remained in the vessel for

possible future NDE work.

The destructive examination was concentrated on:

5.7. Compilation of all N.P.E. data

A comparison of all the results obtained by the X-

ray and ultrasonic examinations shows that there

1. Weld no.l An ultrasonic registration

of two flaws on behind each other,

while on the X-ray film only one

defect was visible
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2. Weld no.3

3.

4.

5.

Weld no. 4

Weld no. 6

Slag and gas inclusions close to

each other on a straight line,

registrated on X-ray film but

interpreted as a line reflector

(lack of fusion) by ultrasonics.

A long ultrasonic registration

(circumferential) in this weld in

poor agreement with the X-ray

results

Lack of fusion detected by X-ray

and not by ultrasonics

Base metal flaw signals near weld no. 6 were ob-

tained by ultrasonics but not by X-ray examinations.

The prediciton was that in this area were cracks

presented.

The results of metallograhic examination are:

ad.l. No flaw was found in weld no. 1 (see

photo W.F. 1) but several hot-cracks in

the stellite hard facing, see photo W.F.

2 and 3, were found

ad.2. Slag and gas inclusions without any sign

of lack of fusion between them. See

photo W.F. 9, 10 and 11.

ad. 3. The m'etallographic examination revelead

only some small and insignificant defects

in the weld material itself (see photo

W.F. 12, 13, 14 and 15). However in the

middle of the plate material of the

cylindrical part of the vessel segre-

gation was found consisting strings of

6-ferrite and of non metallic inclusions

(see photo W.F. 17, 19)

6.

6.1.

ad.4. Lack of fusion was found over a length

of about 25 mm (see photo W.F. 28,29)

ad.5. Several intercrystalline cracks have

been found in the 16 mm plate material

near weld no. 6, (see photo W.F. 23,

26) Electrolytic etching of this material

in 10% oxalic acid (ASTM A 262) exhibited

a strong carbide precipitation at the

grain boundaries, caused by inproper

heat treatment after welding (see photo

W.F. 30).

This was a text book case of sensitizing

austenitic material which makes the

material susceptible for intercrystalline

attack by stress corrosion or fatigue.

Miscellaneous

During the course of the test program a variety of

aspects became apparent which warrants discussion.

Flaw size and position; it was tried to establish

by means of both methods the size and position of

the various defects. For flaws that were found

both from the inside and outside with ultrasonics

it was tried to localize these by means of trian-

gulation.

There was no exact agreement between the inspection

from the inside and from the outside. By averaging

data from several positions,flaw localization with

SEL transducers proved to be possible. The accuracy

by examination from one side was not better than +

4 mm in all directions.
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The multi axial X-ray technique had no problems

with flaw localization. The absorption difference

between the weld material and base metal was

rather strong and this proved to be an additional

tool in flaw localization. The fusion lines were

easily detectable.

The flaw depth, with the given tolerances on

focus-film distances and an angle accuracy of two

degrees, could be established with an accuracy of

better than + 4 mm. .

6.2. Resolution; for the SEL technique used, the resolution

was far less than for the radiographic examination.

In all cases radiography proved more efficient and

more convenient.

6.3. Particular characteristics of the SEL techniques;

in practice a marked difference in signal respons

between SEL and "conventional" ultrasonics was

found. For instance the total signal envelope of a

flaw (e.g. lack of fusion) looks different, this

is a difficulty for the operator. There is barely

any difference in signal response between a long

row of slag inclusions and lack of fusion.

A near surface defect produces, while scanning the

defect, the impression of a far greater defect

than what is actual present.

The explanation is here that a near surface defect

will be hit first by the longitudinal beam and

after that by the shear wave beam. Both responses

are continuously "translated" from one into another.

Especially this problem was found by flaws in the

boundary between the base material and heat-

affected zone.

As already mentioned, hard facings on the inside

and segregations in the base metal caused problems

for the flaw interpretation. Spurious signals

originating from the shear-wave beam caused this.

The same problem was found with weld no. 2. (the

sphere-weld). Neither the segregation nor the

cladding caused this but the beveled surface near

the weld proper caused this. With a zone 2 transducer

the reflections from the shear wave beam from this

area coincided with the detection distance of the

longitudinal beam. These effects make evaluation

rather awkward.

7. Conclusions

1. Flaw localization and characterization by means of

SEL transducers is much poorer than what is usually

the case by conventional ultrasonic inspection.

Both aspects are furthermore influenced by the

austenitic weld metal itself.

2. The "uncertainty" in the evaluation of the results

obtained with SEL transducers is much greater than

what is usually the case with conventional ultra-

sonic inspection. This is mainly caused by the

shearwave component and the fact that it is impossible

to examine different directions or to examine

between half and full skip distance. For this

aspect further development work is advisable.

The uncertainty in the X-ray results is merely a

matter of interpretation.

3. The SEL transducers are a useful tool for detecting

flaws in austenitic welds. Flaw sizing and determination

of the flaw position is mediocre, as mentioned under 7.1.



4. Only approx. 35% flaw length was not found by SEL

inspection from the outside only (Inservice Inspection)

This was mainly due to geometrical and base metal

problems.

5. Intercrystalline cracks were not detectable with

X-ray examinations. Excellent results were obtained

with ultrasonics.

[1] Radiographic and Ultrasonic Inspection of an auste-

nitic Pump Barrel; W.M.J. Haesen, G.F. Klinkert,

Th.J. Tromp; March 1976 Bensberg. IAEA - IWGFR

specialist meeting on inservice inspection and

monitoring.
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6. Flaw localization with multi directional X-ray

examination for austenitic material is completely

comparable with the SEL ultrasonic examinations.

Flaw characterization with X-ray examination

proved to be much better in this case and this is

also the case for the resolution capability.

7. The reliability of the detection of two dimensional

flaws and the capability to detect flaws is for

the multi directional Xray examination at least

equal to these of the ultrasonic examinations.

8. For both inspections it was demonstrated that

fairing of of the welds by grinding is a necessity

to reach a high NDE level for austenitic welds.

9. A combination of X-ray and ultrasonic examinations

is most useful. This should be carried out during

the manufacture of components since joints etc.

are accessible from more than one side. A well

documented NDE in the manufacturing stage can be

most useful for inservice inspections.

10. Multi directional X-ray examinations for austenitic

welds are a great asset and should not bee omitted

for fabrication of high quality components (class

I ASME).
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Fig. 2 c

Fig. 2 d

Fig. 3

Machined calibration block - inlet nozzle area
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Incident beam angle was as function of the sound path of:

SEL transducer, ARA 1.1350 serial number 0251

SEL 702 2 MHz

Figure is based on cylindrical reflectors 0 3 mm in a cali-

bration block, at 3, 7, 10 and 15 mm depth for weld geometry

4 and 6.

Weld no. 1 Stellite hardfacing problem

longitudinal wave

80-

Measured 70

incident

angle [%]

6 OH

50_

10 20 30 40 sound path [mm]

Fig. 4

Fig. 5

Weld no. 4 Segregations - base metal

shear wave
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Table 1

The transducers used:

Legend:

ARI

SEL

AKI

SEL

ARA

SEL

ARI

SEL

ARA

SEL

0.1300 0230

70° - 4 MHz

1.1560 0250

70° - 2 MHz

1.1350 0251

70° - 2 MHz

2.725 0248

65" - 2 MHz

2.750 0245

65 - 2 MHz

ARI 2.1300 0225

SEL 65° - 2 MHz

AKA 1.1620 0249

SEL 70 - 2 MHz

ARA 1.950 0232

SEL 70 - 2 MHz

ARI 1.725 0247

SEL 70 - 2MHz

ARI 2.1300 0227

SEL 45° - 2 MHz

ARA 2.1350 0252

SEL 65° - 2 MHz

ARA 2.950 0231

SEL 6 5 - 2 MHz

ARA 1.750 0245

SEL 70" - 2 MHz

-Austenit - austenite

E = Eben - flat

(K = Kugel - sphere

(R = Rohr - pipe

(A = Aussen - outside

[I = Innen - inside

•Sensitivity - depth zone

-Diameter
1. sphere

(2. pipe

1. 0-15 mm

2.15-35 mm

• serial number

AKI 1.1560 0250

|SEL| 70 - 2 MHz

S = Sender - Transmitter

E = Empfanger - Receiver

L = Longitudinal - Waves

Beam angle—1 Frequency



Table 2

Number of "indications" obtained by the first series of X-ray examinations
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Wald no. Number of defects

< 5 mm

1

63

Number of defects

5 - <̂  10 mm

1 <

Number of defects Total cumulative length of defects

10 - < 20 mm > 20 mm and lack of fusion

1 1

660 935

Total

15

49

8

10

54

199

0

3

0

0

160

16 11

0

80

900

70

255

15

1275

1 : Beam axis perpendicular to vessel wall

< : the number of additional defecs found by means of multiaxial examination



Table 3
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External examinations

(Inservice inspection)

Internal examination

additional information

listed only-

Weld no. Number flaws Cumulative

< 5 mm flaw length

in mm

Number flaws Cumulative

< 5 mm flaw length

in mm

1345 420

2

3 13 295 250

85 265

no suitable transducers available

10

Total 19 1725 23 935
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Table 4

Level of agreement between the results of the X-ray and ultrasonic

examination in the first run

elative length [%]

weld 1

weld 2

weld 3

weld 4

weld 5

weld 6

10 201 . 1 . . 4f • 5f • 6f . 7f . f • 90 1Q0
t i

c b

c a
I I

b

a c a

t i l t

a c

ultrasonic examination not possible

c a c a
i I

a c
I I
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Table 5

Number of indications obtained by the additional X-ray examination

Weld no. Number of Defects Number of defects Number of Defects Cumulative length of

<: 5 mm 5 - <: 10 mm 10 - •< 20 mm defects > 20 mm and

lack of fusion

120

3

4

0

0

40

0

Total 160



Table 6

Second run

129

External examinations addi-

tional information only

Internal examinations addi-

tional information only

Weld no. Number flaws Cumulative flaw

< 5 mm length in mm

Number flaws Cumulative flaw

< 5 mm length in mm

40

510

10 65

no suitable transducer available

20

Total 50 595
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Table 7

Level of agreement between the results of the X-ray and Ultrasonic examination, final results

Relative length [%]

weld 1

weld 2

weld 3

weld 4

weld 5

weld 6

10
I

20 30
1 . I

40 50 60
| I

70 80
I

c a

c

ultrasonic examination not possible

a
I I

90

I
100

a c
i
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2,5 x

Adler

Photo W.F.I Weld no.l and apart of the stellite hard facing

very small slag inclusion found by destr.exam,

hot crack in hard facing
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Chromium acid, electr. 100X

10 mm

Adler

Photo

Photo W.F. 2 Stellite hardfacing, see also photo W.F. 1

s = small slag inclusion

i = hot crack

Photo W.F. 3 Microstructure around a hot crack of photo W.F. 2



10 mm Adler

Photo W.F. 9 Weld no 3 p o s . 838; No d e f e c t s ftbserved



Photo W.F. 10

Weld no 3 pos. 816

Adler 2X

0,9mm Photo W.F.11

Slag inclusion in weld

no 3 pos 816 found by

NDE

Detail of photo W.F.10

Chromium Acid./elec 50X



10 nun

Adler

Photo W.F. 12 Weld no. 4 pos 1833

= small slag inclusions found by destructive

examination



10 mm

Adler

Photo W.F. 13 Weld no. 4 pos 1885

-*• = slag inclusion found by destructive

examination
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Photo 14

Adler

1,3X Photo 15

Adler

1,3X

Photo W.F. 14 Weld no 4 pos. 1880

-> = slag inclusion found by destructive

examination

Photo W.F. 15 Weld no 4 pos 1890

No defects found



Photo W.F. 17

Segregation in the middle

of the plate near weld no

Non metallic inclusions

and 6-ferrite strings

Chromium acid/elec.

100X

I >>.

Wf

I

wm,

\. I

*.



Photo W.F. 19

Detail of photo W.F. 17

Chromium acid/elec

500 X

Adler 10 mm

Photo W.F. 23 Weld no 6 pos 2460

s = cracks (see also photo W.F. 26)

found by ultrasonic examination
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Photo W.F. 26 a Photo W.F. 26 b

Photo W.F. 26 Detail of photo (W.F. 23) Intercrystalline crack

Length 4,6 mm
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. U — 4
Adler 10 ran

Photo W.F.28 Weld no 6. pos 3980

= lack of fusion found by, NDE

Chromiiom acid/elec. 50X

Photo W.F. 29 Detail of photo W.F. 28

(arrow)



Oxalic acid/elec. 400X

Photo W.F. 30 Grain boundary carbides in the base material

near the intercrystalline cracks of photo W.F. 26
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ULTRASONIC HALL THICKNESS GAUGING FOR FERRITIC STEAM
GENERATOR TUBING AS AN IN-SERVICE INSPECTION TOOL

W. M. J. HAESEN, TH. J. TROMP
B. V, Neratoom, The Hague
Netherlands

1. Introduction

Inservice inspection** of LWR steamgenerators is

more or less a standard routine operation. The

situation can be very different for LMFBR's. For

the SNR 300 (Kalkar Power Station) the situation

is different because the steamgenerators have

ferritic tubing. The tube walls are comparatively

thick, 2 to 4,5 mm. During inservice examinations

the steamgenerators will be drained on both sides,

however on the sodium side a sodium film will be

present. Furthermore the SNR 300 will have two

types of steamgenerator. A straight tube design

and a helical coil design will be used. Both types

consist of a evaporator and superheater. The

steamgenerators are of course not radioactive.

It is obvious that in this case the eddy current

(EC) technique is not an enviable inservice in-

spection tool. Basically EC is a surface flaw

detection technique. Only the saturation magne-

tisation method will improve the EC technique

sufficiently for ferritic material. However the

"in bore examination" with the saturation technique

was, in case of the SNR 300 steamgenerator tubing,

considered impossible since the inner diameters

are fairly small; see table 1. Furthermore sodium

2.

traces may influence the EC method. Although

multifrequency methods can solve this problem, EC

is not considered as a useful tool for examining

ferritic tubing.

Another method is to employ the "stray flux"

method which is under development with the TNO

organization in Holland.

The EC and stray flux method do have one drawback,

these methods do not detect gradual changes in

wallthickness.

Ultrasonic examinations will be used in the SNR

300 as the main inspection tool for the steam-

generators .

In this paper the reasons why ultrasonic examina-

tion was selected are explained. The results of

the development work on this subject are discussed.

Relevant information

What kind of information should an inservice

inspection produce. What is really relevant for

safe operation of a steamgenerator. This is a

difficult question, perhaps it is more useful to

try to identify the processes that can be detri-

mental to the steamgenerator integrity.

Of importance are at least the following phenomena:

wear and fretting (at tube support grids and

spacers etc.)

waterside erosion

sodium side erosion

>!
O
N>
O

O
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general or uniform corrosion both on sodium

and waterside

pitting corrosion; waterside only

wastage due to small water to sodium leaks

The effects of these processes can be detected by

means of a suitable wallthickness gauging method.

Wallthickness measurements can be carried out by

means of ultrasound. There are no basic problems

related to ultrasonic examination of sodium

heated ferritic steamgenerators. Sodium traces and

other contaminants are usually no problem since

the acoustic impedance* differs substantially from

steel whether the base material is ferritic or

austenitic, this is no problem since wallthickness

gauging by ultrasound is just a transit time

measurement.

Flaw detection is not considered at this moment

for the SNR 300 tubing. The main reason is that

the non destructive examinations (N.D.E.) at the

tube makers can be and are quite elaborate and

accurate. The examinations are of course not

hampered by lack of accessibility, this is not

the case during inservice inspection. We assume

that the quality of the initial manufacturing

examinations can not be equalled during inservice

inspections. One may assume that the initial tube

quality is such'that it is unlikely that manufacturing

deficiencies will pass unnoticed.

This does not imply that not a certain level of

flaw detection is possible. Wallthickness measurement

by means of ultrasound, if carried out with sufficient

sophistication, will allow for a certain amount of

flaw detection. A flaw will than show up as a

reduction of wallthickness, provided its orientation

and shape permit detection which is usually the

case for non artificial defects. If steamgenerator

tubing is accessible for wallthickness measurements

than it is possible to insert a search unit speci-

fically designed for flaw detection. Since this

will be a time consuming operation it is assumed

that such an operation will only be carried out if

there is reason to suspect certain flaws (cracks).

Because ultrasonic wallthickness gauging is based

on a volumetric method one may also say that such

an inspection is an ultrasonic examination to

which a certain amount of data reduction is applied.

3. Search unit design

The design and handling of the search unit are of

great importance if one only applies the normal

transit time measurement. The required accuracy

for manipulating the search unit is extremely high

if one wants to achieve a measuring accuracy of

+ 0,1 mm during actual service conditions. Although

our initial development work was based on precision

probe handling etc. this road was abandonned. The

current situation is that by means of electronic

signal processing we can cope with variations in

water path, probe alignment and probe deviation.

This will be explained in chapter 4, it is however,

interesting to review the three probe designs we

have studied.

*) c.p. sound velocity times density
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3.1. Twin crystal transducers - contact method

Tests were carried out with twin crystal 5 MHz

transducers; see photo 1 upper search unit. Almost

immediatly the disadvantages became apparent. Such

probes are too sensitive to couplant layer thickness

variations. This means that the accuracy of the

measurement is easily impaired and that handling

and positioning requires watchmakers precision.

Deposits, oxide layers etc. do influence the

measuring accuracy. The maximum measuring accuracy

attainable under service conditions is approx.

0,25 mm.

3.2. Twin crystal transducers - immersion method

With this technique a different type of transducer,

as mentioned under 3.1., is necessary. The crystal

alignment (separation and inclination) must be

such that the signal from the water/steel interface

is very small. The height of the backwall echo is

than approx. the same as for the interface echo.

The transit time between backwall and interface

echo is a measure for the wallthickness. For this

type of transducer the probe handling is less

demanding.

The main disadvantage is that the phase relation

between interface signal and backwallsignal is

greatly influenced by the probe positioning

relative to the wall (alignment and deviation).

This effect influences the triggering of the

necessary clock oscillator. This is detrimental

for the measuring accuracy, for instance for a 5

MHz transducer this effect can cause a mismeasurement

of 0,5 mm. For 10 MHz this is of course 0,25 mm.

On account of this the authors feel that transit

time measurements for wallthickness gauging under

adverse service conditions should not be based on

triggering of the RF-interface signals.

A further disadvantage is that the interface

signals are greatly influenced by the surface

roughness. This is a most serious problem. This

may cause interference effects between interface

and backwall signal.

Oxide layers (magnetite) coatings etc. can not be

eliminated from the wallthickness (reading).

3.3. Single crystal probes - immersion technique

The disadvantages led to the choice of a probe

design based on: a highly damped single crystal

transducer for immersion technique of at least 10

MHz.

This choice makes for a far simpler probe design

but a lot of the problems mentioned above remain.

Since it was felt that watchmakers precision could

not be maintained during inservice examinations it

was decided to solve these by electronic data

processing.

At this moment a search unit is available with a

rotating mirror driven by a water turbine, see

photo 2. The smallest design attempted yet can

handle approx. 8 mm I.D.-tubing.

The current design operates well between 90 and

1500 rev./min, provided one uses good quality

water.
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This probe design is suitable for the SNR 300

straight tube steamgenerator. Although the design

can be adapted for the helical coil steamgenerators,

the development work on mechanical scanning probes

is abandonned on account of their limited development

potential. The turbine driven probe works wel but

remains a fairly vulnerable piece of equipment. If

one requires a high resolution with these probes

than it is almost impossible to have short examina-

tion times.

4 # Data processing

As mentioned before the data processing must solve,

mitigate or enhance:

a. the required probe handling accuracy

b. misreadings due to surface coatings, oxide

layers etc.

c. phase shift influences

d. the reliability of the measurement

e. the accuracy.

These problems were solved in the Nerason* equipment.

The Nerason wallthickness measuring system is

based on the following:

1. Transit time measurement between backwall

echo's. This eliminates the points a. and b.;

fig. 1.

2. A microprocessor controlled level amplifier

combined with a variable exponential detection

level generation; see fig. 2. By means of this

point c. is eliminated.

*) trade mark of Neratoom; measuring method: patents

applied for.

3. The measurements are made between three

sequential backwall echo's. A signal conditioner

checks whether the transit times between

these signals are equal; At£ = At,, see

fig.2. On account of this point d. is enhanced.

If there are time intervals in the measurements

where there is no equality, the measurement

is rejected by the microprocessor. Thus

spurious signals independent of their origin

are deleted.

4. A statistical averaging procedure is incorporated

in the system which improves point e.

In fig. 1 broad outline of the measuring method is

presented. If one studies fig. 3, fig. 2 must be

used as legend.

Figure 4 gives in a simplified form the block

diagram of the Nerason system.

A feature of the Nerason system is that the accepted

number of sampling points is presented on a separate

display. This extra information proved to be most

useful. Together with a simple monitoring oscilloscope

the measuring process can be closely checked.

The measuring system allows in principle for very

accurate measurements. Basically there is to the

above described system no lower limit for the

attainable accuracy.

For inservice inspection one may encounter adverse

surface conditions. A complete inspection chain

will consist of many components. If one requires a

high level of accuracy and reliability, it is

necessary that the performance of each component



in the chain must be superior to the required

overall performance of the measuring system.

For .the Nerason system the design target was +

0,025 mm. This was met since the system is accurate

up to + 0,01 mm.

Based on these figures an inservice inspection

accuracy of 0,1 mm must be possible even under

adverse conditions.

This statement should not be confused with statements

which relate only to transit time measurements

under hypothetic conditions for than these is

again hardly no lower limit to the attainable

accuracy.

5. Speed of operation

With regard to the speed of operation of ultrasonic

wallthickness gauging there are certain limits

which need explanation.

The method is basically limited by the transit

time (sound velocity) and is in principle always

slower than for instance eddy current inspection.

However, this lower limit has no practical meaning

since there are other limits. :

As mentioned in chapter 2 the ultrasonic wallthick-

ness measurement is still a volumetric inspection

plus a transit time measurement. This means that

there are four "dimensions" if one has a probe

translating in a tube, viz:

the probe scans which means two dimensions

the probe translates this is one dimension

transit time is the fourth dimension
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In the described method the 4 dimensions are

handled on line and are stored temporarily. Not

one of them is deleted during the data processing

operation. This means that the electronic components

form the actual limits of the inspection method

with regard to the speed of operation.

In this case the digital display is a simplified

form of volumetric information as explained in 2.

For the user (operator) the presentation of the

wallthickness only is a sensible way of data

reduction which is carried out at the end of the

on line data processing. This means that no relevant

information is lost during vital stages of the

examination.

If one compares this with conventional "magnetic"

methods such as eddy current inspection than it is

obvious that these methods are basically of a

different nature since they are at best 2 dimensional

methods. On account of this they are usually

faster. But E.C. is in priciple also limited in

speed of operation by the electronic processing

(components).

In ultrasonic wallthickness gauging one can opt

for different mixes of examination parameters,

such as': • • .

resolution

accuracy

. area scanned

which govern the speed of operation.
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6.

In the prototypes described we have a mix of:

accuracy

resolution

area scanned

inspection time at

300 rev/min:

<c 0,1 mm

< 2 mm

= 100 %

approx. 15 min. for

15 meters of 10 mm

ID steamgenerator

tubing

These figures are not final, they present just a

point in time and will change when development

work further progresses.

Current status

At this moment there is available an operational

probe. The electronic data processing system is

available.

On site examinations will be carried out with the

components described above during summer 1980.

These examinations will be carried out in a super-

heater which has been in service for several

years.

7. Conclusions

By means of electronic data processing it is

possible to have useful inservice inspection

with ultrasonic wallthickness measurements

without requiring watchmakers precision in

probe handling. An accuracy of 0,1 mm can be

met under adverse (surface) conditions.

Since one deals with a NDE method which is

basically a volumetric method this has inherent

relevance as an inservice inspection tool.

The speed of operation has certain limits The

practical limits that do exist at this moment

are acceptable. An important point in this is

that a LMFBR has few heat transfer tubes in a

steamgenerator compared to PWR steamgenerators.

Simple, single crystal rotating mirror type

search units can be built for small bore

tubing. In practive 8 mm seems to be a lower

limit.

Mechanical driven scanning type search units

are not the final answer for ultrasonic wall-

thickness gauging.



Table 1 SNR 300 steamgenerator tubing

Material: stabilized 2\ % Chromium steel; DIN 10 CrMoNiNb 9.10

Dimensions
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Straight tube steamgenerator O.D. x wallthickness Number of tubes

Evaporator

Superheater

Helical coil steamgenerator

Evaporator

Superheater

17,2 x 2 mm

17,2 x 2,9 mm

26,9 x 2,9 mm

26,9 x 4,5 mm

211

211

77

77

Tube lenght

20 m (between tubesheets)

15,3 m

40,5

30,7

(coil length only)

PHOTO 1 PHOTO 2
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fig. 2

Fig. 3

Simplified flow chart Nerason measurement.
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A 4 PROBE ARRAY

C. E. FERNANDO
CEGB, Marchwood Engineering Laboratories
Marchwood, Southampton, Hampshire
England

SUMMARY ;

An NDT system is described which moves away from the present manual
method using a single send/receive transducer combination and uses inste.ad -:

an array of four transducers. Four transducers are shown sufficient to
define a point reflector with a resolution of mXz/R where mA is the minimum
detectable path difference in the system (corresponding to a m cycle time
resolution), z the range and R the radius of the array.

Signal averaging with an input ADC rate of 100 MHz is used with voice
output for the range data. Typical resolution measurements in a water tank
are presented. We expect a resolution of the order of mm in steel at a
range of 80 mm.

The system is expected to have applications in automated, high
resolution, sizing of defects and in the inspection of austenitic stainless
steel welds.

1. INTRODUCTION .• i" ' !'

Current methods of ultrasonic flaw location and sizing are mainly
manual and rely to a large extent on using trained operators for interpret-
ation of the measurements.

Flaw location and sizing under computer control offer the potential
of (1) accuracy (2) reproducibility (3) speed. In particular computer
processing of ultrasonic data may offer improved inspection of difficult
materials such as austenitic stainless steel weld material. :

We start by examining the problem of locating an on axis point
reflector. This model can then be extended subsequently to cover a target
of finite size by considering a collection of points to represent the target.

2. ON AXIS TARGET

2.1 Position

It may be simply shown that a single target at (x, y, z) illuminated
from (o, o, o) and detected at (x^, y^, ẑ ) by 3 transducers where k = 1,2,3
that by proper choice of detector position, (Figure 1)
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[u2T2 - (a2 + b2)]/2oT

where T is the time of flight to the transducer u the propagation velocity
and a,b functions of the receiver positions. For a symmetrically positioned
transducer system T is a constant to each of the transducers for an on axis
target.

We contrast the above with the case of a single (unfocussed)
transducer where due to beam divergence a point target cannot be located
unambiguously without difficulty with manual methods.

2.2 Resolution

We may examine the resolution of the 4 probe system by considering a
ring array of coplanar transducers (Figures 2, 3) of radius R. Then if d
is the total movement within which the target is still visible to the system
and the system time resolution is m cycles (corresponding to detecting an mX
path difference' to the transducers), z the range

d = mXz/R

We note resolution as described above is a linear function of range
in our model.i

2.3 Signal Averaging

In reducing X to increase resolution attenuation in the material
increases and the signal to noise ratio worsens. A means of improving
matters is to signal average provided the noise is random (e.g. thermal).
Then when the signal is just detectable, and T is the time spent averaging
and k a constant. ;

>o ;
M ;o :

Signal averaging is thus one means of allowing the array size to be
kept within bounds whilst maintaining resolution. Keeping the array size <
small is likely to be relevant for instance when considering inspection of
curved surfaces such as pipes.

2.4 Search Beam

When used at high resolution the ultrasonic beam in the 4 probe array
only accepts targets over a narrow cone. When searching for defects narrow
beams are disadvantageous and it is more efficient to use a wide searching
beam for rapid coverage of the test piece and to narrow down only once a
potential target is found. There is also less likelihood with a wide beam
of an unfavourably orientated defect being missed.

By broadening the time of arrival of echoes (Figure 4) at the
transducers by ± AT where

AT = 2SR/u2T



a broad cylindrical beam of radius S is set up (Figure 4). We note that the
same raw data can be used for the broad area search and for the fine beam.
We thus have a means of broad area scanning and, also, fine beam probing.

3. EQUIPMENT

The system is based on a PDP 11/05 computer and the analog echo
signals are multiplexed on to a 100 MHz Biomation 8100 digitizer.

Fast signal averaging is carried out in an external interface using
low power Schottky logic and a DMA read/modify/write sequence is used to
communicate with the computer. To simplify use of the system the calculated
range data is voiced via a digital voice synthesiser. No setting up is
required in the existing system.

Typical measured resolution data in a water tank for a single target
are shown in Figure 5. Preliminary tests in steel specimens suggest a
resolution of the order of 0.8 mm at a range of 80 mm for single plane
artificial defects can be achieved.

3.1 Applications

Since the presence of a target is determined by the computing system,
an unambiguous result, unaffected by variability of individual operators, is
obtained. We also expect the resolution of the system to be an improvement
on that easily obtained manually. Taken together these advantages suggest
that the system described here could offer a useful adjunct to manual NDT
systems. Cost estimates, also preliminary, suggests costs of the order of
that for manual operators. In particular preliminary tests suggests that
austenitic stainless steel welds can also be examined by the system described.
We ascribe this to the good resolution of the system, which: allows the
rejection of spurious echoes occurring in austenitic stainless steel weld
specimens.
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(0 ,0 ,C ) AND ( x n , y n , z J

Target

Receiving «!«rr«n>
ring

F I G U R E 2 . C O N C E N T R I C T R A N S M I T / R E C E I V E S T R U C T U R E



(o,z) (4/2,z)

X(-R,O) Y(R,O)

FIGURE 3 . COPLANAR S E C T I O N OF A R I N G ARRAY

TARGET A T B ; TRANSDUCERS A T X , Y , & A

1
0 T

- A T - * AT
„ Swept
volume

Pulse Broadening Cylindrical

Secrch Volume

F I G U R E 4 . V O L U M E S E A R C H I N G

5 MKr transducers in water

Target visible over the distance
plotted on the Y oxi»

1.55mm dia. target

160

20 40 «) SO
Axial disrcncs "ro.-n transducers (.—m)

too 120

F I G l l R E - 5 . R E S O L U T I O N vs R A N G E '



161

TRANSDUCER CHARACTERIZATION

TH, J. TROMP
B. V. Neratoom, The Hague
Netherlands

l. Introduction

For inservice inspection transducer characterization

can be an important item if one wants to compare

ultrasonic examination data obtained at different

times (fingerprint). It is possible that the

transducers used during previous examinations are

lost or will become defect. In such a case it is

most useful if one can check the characteristics

of the replacement transducers.

Some time ago an elegant characterization method

was developed by the Euratom Joint Research

Centre of Ispra based on liquid crystals [1].

This method is now under development at Neratoom

and the results so far indicate that a robust and

protable characterization rig can be built at a

reasonable price.

2. Liquid crystal test method

The characterization is carried out in immersion

(water) see fig. The transducer will create

pressure differences in the water bath. These

pressure differences can be made visible by means

of a conversion cell. In the cell the conversion

takes place from acoustic energy (pressure differences)

into heat and consecutively from heat into(visible)

colour differences. The colours are obtained by

means of cholesteric liquid crystals.

The visualization technique can produce by tomography

cross-and longsections of the acoustic beam. The

cross sections are obtained by translating the

transducer relative to the conversion cell. The

longsection is obtained by means of "moving slit

photography" by which a moving slit is linked to

the transducer translation.

3. By means of this method the following information

can be obtained:

Visualization of the general beam profile

Distribution of the sound intensity in the

beam

Size of focal zone (length/dia) in cae of

focalized transducers

Intersection point can be determined in case

of twin crystal transducers

Array type transducers; the main and secundary

lobes can be checked.

The actual central frequency of the transducer

can be determined. For this the transducer

must be driven by a sinus generator.

The complete frequency characteristic can be

measured. For this- a calibrated dB-attenuater

is needed (- 3 dB and - 6 dB points for

instance).

Imperfections of the crystal material can be

found'

Quality of the acoustic lens, in case of

focalized transducers can be checked.

O

O

O

en
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Current state of- development

The liquid crystal characterization method is

under development at Neratoom. The aim is to make

this method operational for practical purposes.

The results so far are:

1. The life time of the liquid crystals in the

conversion cell was approx. 3 months. Replace-

ment required a laboratory. By means of micro

encapsulation we have now tamperproof liquid

crystals which do not deteriorate with UV.

2. For the conversion cell a new grade of

liquid crystals was formulated. The accuracy

and resolution have been greatly improved.

This means that very small transducers can be

checked at very low energy levels. As a

result of this a more accurate temperature

measurement and control was necessary.

3. The conversion from pressure/heat is now

under study. The aim is to incorporate this

aspect into the micro encapsulation.

4. A prototype tank was built and is subject to

testing.

5. A simplified lighting system, necessary to

illuminate the L.C.-cell was designed.

6. A complete prototype system will be available.

at the end of summer 1980. The development of

the system will be terminated at the end of

this year.

[1] Eur 5710.3 part 1 and 2

Characterization of ultrasonic transducers using

cholesteric liquid crystals; R. Denis 1976; JRC

Euratom
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HEATING

TRANSDUCER
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Acoustic techniques are being developed to mor.itor remotely the
incipient svnts of various modes of failure. Topics have been selected
froa ';he development programme which axe either of special importance c- in
which significant advances have been made recently.

Ultrasonic inspection of stainless steel welds is difficult and one
alternative approach which is being explored is to identify manufacturing
defects du_ing ;ahvicatirn by monitoring the welding processes. Preliminary
measurements are described of the. acoustic events measured during deliber-
ately defective welding tt=>'3ts in the laboratory and some initial analysis
using pattern recognition techniques is described.

'i'he assessment of structural failures using probability analysis has
emphasised the potential value of continuous monitoring during operation anu
this has led to the investigation into the use of vibrational analysis and
acoustic emission as monitoring techniques. Mechanical failure from fatigu?
may be anticipated from measurement of vibrational modes and experience froc
PFR and from moaels have indicated the depth of detailed understanding
required to achieve this. In the laboratory a vessel with an artificial
defect his been pressurised to failure. Detection of the weak stress wavr.
emissions was possible but difficult and the prospects for on-line monitoring
ar- discucised.

Ultrasonic technology -or providing images of c-.mponent= immersed in
the opaque sodium of LMFER's is being developed. Images are formed by the
physical ^canning of a target using transducers in a pulse-echo mode. Lead
zirconate transducers have been developed which can be deployed during reactor
shut-down. The first application -/ill be to examine a limited area of the
core of Fi?R. Handling the data from such an experiment involves developing
methods for reading and storing the information from each ultrasonic echo.
Such techniques have been tested in real time by simulation in a water model.
Methods of enhancing the images to be presented to reactor operators are
beir.;7 explored.

Acoustic monitoring has been shown to be useful as a surveillance tech-
nique to help ensure the structural integrity of pressure vessels for pyRs^)
and is expected to be valuable also in commercial LMFBRs It has the general
advantage of being able to monitor remotely the incipienc events of various
modes of failure. It has the specific advantage for a LMFBR of having the
potential of providing images of components immersed in opaque sodium. How-
ever, the acoustic and ultrasonic technology is new and, bearing in mind the
stringent requirements demanded of any technique, claims need to be made
with caution.

The requirements for structural surveillance may be expected to be
derived from sn analysis of the probability of 1'ailure of safety-related
structures. Such an analysis has been developed for PKRs in a series of
papers by U.diard and his collaborators (see, for example ^ ). The approach
gives predictions of failure rates which are sensitive to the functions
representing incidence' of crocks and efficiency of detection. No systematic
study is yet known for the L--FBR and a relatively simple model proposed by
0'Neil(3) .is used presently to guiae the development programme. This assumes
that the failure rate of a component is constant throughout life and
demonstrate that increased frequency or continuous surveillance during
operation is more likely to b'e effective than periodic shutdown inspections
at high efficiency of fault detection. However, in practice, on-line
detection of faults is undoubtedly much more difficult than detection during
shut-down and therefore this conclusion must be carefully reviewed in terms
of instrument capability ar.d developrasivt. tor acoustic techniques ever the
past few years the greatest improvements have resulted from the increased
capability of handling large quantities and rates of data with microprocessors.
The paper therefore concentrates on techniques which have benefited from these
significant advances. These are discussed in turn for fault detection during
fabricatior, durin" operation and during periodic tliutdown.

2. DCTECTIO;" OF FABRICATION FAULTS

Acoustic monitoring of welding was attempted about a decade ago in the
early days of the technological development of acoustic emission. Although
it may well have detected some flaws it was too susceptible to spurious
signals to be adopted for production. Recent improvements in signal process-
ing techniques, combined with an increased demand for defect free welding in
the nuclear industry, has led to a renewal of interest.

Preliminary tests have been conducted with the GARD Corporation of USA
on acoustic emission monitoring cf stainless steel and mild steel plates on-
line during fusion welding. A stainless steel plate with acoustic emission
transducers was welded by automatic sub-arc technique and artificial defects
were induced at several points. Crack defects were produced by introducing
silver steel into the path of the weld head. Slag inclusions, weld separation
and porosity were also attempted. The welding was monitored throughout by two
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acoustic emission systems, that is the GARD system and the UKAEA system. .",
major problem with in-line monitoring is that t'ae welding process is very
noisy and signals are obtained fror the weld head, mechanical systems and
particularly the cracking of the welding flux as it cools to a .ilassy-like
material on the metal surface. Figure 1 shows the signals displayed on a
space-time map, in this example the welding was manual arc and the acoustic
emission.from the weld process falls in a band around the welding sticks
positions as they traverse the length of the weld. In order to distinguish
the signals from detects which crack in the immediate post-weld cool down,
signal processing pattern recognition techniques are being developed. Soma
progress in this area has already been made' ' :iy looking for 'clusters' of
acoustic emissions in the space-time map. For example, in Pig 1 the ringed
clusters sn •= believed to come from defects, the hypothesis being that defects
give bursts of emissions at the same time and place whereas the background
process noise is random and sporadic. Tost plates are co be sectioned in
order to determine the nature of defects introduced both intentionally and
unintentionally so that the acoustic emission records car. be correlated with
them. If successful., the acoustic emission monitoring of LMFBR components
during fabrication will increase the quality of welds, so compensating to
some extent for difficulties inherent in the post-fabrication ultrasonic
testing of stainless steel.

3 . rAUJrT DETECTION DURING OPERATION

Two techniques are being examined for tho surveillance of structures
during power operation!

Acoustic Emission

Acoustic emission is increasingly being used for periodic and continu-
ous monitoring ir> the petrochemical and aerospace industries. Its use in
the. nuclear industry has obvious attractions, for example, it is a passive
technique and can be applied over large distances so that sufficient access
in the nuclear environment is generally possible. Unfortunately the
materials used in reactors are commonly ductile steels which Jo not emit
so strongly when stressed =.s the more brittle steels and composites which
make acoustic omission so successful in petrochemical/aerospace structures.
LMFBI; stainless steels are no exception ir this respect and there can be no
doubt that acoustic emission application '/.ill be difficult and may well be
restricted to jpecial localised application where signal levels are
especially favourable.

The limitations of acoustio emission for -eactor surveillance ha/e
been described in a previous p?oer(5' where a uild steel pressure vessel
with artificial defect? was pressure cycled to grow the defects and no
acoustic emission was detected up to the time of vessel failure. In a more
recent test, a mild r,k.eel vessel with a 60% through wall defect '-'as pressure
cycled until failure occurred. In this case'6' slow crack growtn in early
pressure cycles war detected, although the find crack propagation was mora
characteristic of a brittle frrcture and was not detected acoustically. The

test showed that careful laboratory measurements can detect slow craok growth
in ductile steel but that this would be more difficult in the high ncise
environment of an industrial reactor station. Stainless steel is rather
cimilar to mild steel in its emission characteristics, at least at low (room)
temperature. At higher temperatures th<?re is good evidence from several
laboratories that the emission amplitude increases in amplitude, for example
.at iCiO°C the amplitudes are approximately 4 times greater than at rocra temp-
erature' ' . This may make acoustic emission nonitoring of some parts of an
LMFBR structure feasible, for example, the core support structure or above
core components if thes-̂  are partly shielded from some of the reactor back-
ground noise.

More favourable conditions are given by damage processes which are mort
acoustically energetic than fatigue crack growth. One example is stress
corrosion Tracking which has been studied for stainless steels typical of
those used in sodium/water heat exchangers. Laboratory tests on Type 316
stainless steel specimens stressed in a high tenperature caustic soda
environment show that the resulting crack growth is easily detectable
In a large-scale simulation of tube plate leaks in these heat exchangers the
onset and location of cracking was identified'°) sufficiently well for it to
be considered for application in a power reactor.

Vibration Monitoring

Mechanical failure may be monitored by acoustic and vibration measure-
ment of the normal modes in structures. For example, the break of a redund-
ant structure could be chova by a shift in resonant frequencies or associated
damping values before sufficient damage occurs to cause a serious situation.
This approach has apparently found limited success in the monitoring of off-
shore oil ritj." and its possible application to LMFSR's is being considered.
As a first atop the detailed study of vibrations and acoustics in the
Prototype Fast Reactor (PFR) at Dounreay is relevant. The reactor, shown in
Fig 2 was instrumented extensively with strain gauges, accelerometers and
high frequency fessure microphones prior to filling wit̂ 1 sodium. During
sodium commissioning the vibration was examined in detail^°' , not least to
ensure that no damaging \ .ibrations were present. The principal source of
vibration excitation was acoustic noise produced by the sodium circulating
pump at well defined frequencies which .;ere shown to be harmc.ics of the
pump rotational frequency, for example Fig 3 shows the largest component at
twice pump blade frequency. Thase pure toncj excited structural resonances
to an extent depording on" their modal frequency. Figure 4 shows the response
of the main primary circuit tank to changing frequency as the pump speed was
changed; the peaks are. different structural vibrational modes whoso calculated
frequency f :>r the undamaged structure are in good agreement wir:i those found
here ex^ariuentaliy. Major damage in this component would be expected to
shift the modal frequencies. This raises the possibility of monitoring the
structure continuously or periodically, using the inherent reactor pump noise
to provide the necessary vibration excitation. Further development is design
specific and requires the establishment of vibiational characteristics as a
function of extent of dajnage, before the technique could be implemented.
Additional difficulties could veil arise in structures supporting the core
and holding the control rods. In the LMFBR the coolant is vibrationally well
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coupled and there are oft<an many rodes of vibration. Several important para-
meters are not independently controlled such as temperature, irradiation and
liquid level, and these could provide frequency shifts of about the same
order of magnitude as those produced by the defects. Much experience of the
specific structure would be required hefore these effects could be. separately
distinguished. Nevertheless, the monitoring would sees worthwhile not only
to explore the technique but ĉ lso to carry out what might be termed a
"fatigue audit". The history experienced by the structure from stresses
and resultant strains could be recorded at important nodes so that it could
be demonstrated to be far from the end of its life.

4. FAULT MSTECT1OH. DURING SHUTDOWN

The discussion in this section is concerned with techniques for visual-
isation of components submerged in sodium and thus volumetric inspection by
ultrasonics is not included. The techniques may well hav<i the potential cf
examining for cracks but this has not yet been seriously atL-enî oed. IL
should be noted that in a LMFBR which is lightly pressurised and with
redundant structures the statistical approach of vessel faiJure may well
over-emphasise the practical importance of small cracks. Significant inform-
ation can be obtained from the measurement of distortion or deformation to
indicate incipient damage.

The Use of Ultrasonics Under Sodium

Ultrasonics technology for under-sodium viewing usually depends en the
pulse-echo principle. In this, an ultrasonic pulse emitted by a transducer
produces an echo from a target, and the echo is then detected by the same
transducer. The time difference between transmission and reception of the
pulse is a measure of the distance between target and transducer. To know
where the target is, however, it is necessary to know the position 01 the
transducer, and its orientation, precisely.

The detection of an echo defines the position of a. single point on the
target only. This may be sufficient for some detection purposes (eg. monitor-
ing of the alternative shutdown ro d s ^ D ) , but is only the start in producing
an image of the target. This requires the transducer to be moved, to 'scan'
over the target, so that perhaps thousands of echoes can be assembled to
produce the image.

It is possible to generate a two-dimensional image vith one transducer
movement, if pulse-echo time differences are used to rtetemine cr.e .iii.iension.
a simpl-i rrtatic-i of tho transducer produces a polar plct of a region,
similar to a P.adar PPI display and this has found application in sweep-arm
designs for LMFBR's^. Ii should, perhaps, be noted that imaging in this
way is a sophistication that may not be required for operai:ional purposes as
in, for trample, the ultrasonic sweep arm VISOS system Ai: PHENIx"-2^. When
a good view of a surface is required, however, this is best achieved with a
two-dimensional scan of the transducer. When the time difference measurement
is added, a three-dimensional superficial view of the target is possible. The
scanning requires mechanical devices of considerable precision if the resolu-
tion of the image is to be maintained.

Alternative methods of sccuning using a transducer array, in which the
ultrasonic beams from a group of transducers interact, have been considered.
By phase or time controlling the transducers separately, the resultant beam
can be steered without mechanical movement. In practice, the transducer
elements, and their spacing, have to be of the order or less than the wave-
length of sound in sodiu-n. At 5MKz (a typical operating frequency) the
wavelength of sound in hot sodium is about 0.5mm. The resultant ari.ay is,
therefore, rather on the small side for current sodium transducer technology.
The preference is to use single piezo-eleetric discs lem diameter, which axe
large enough to give good signal/noise ratios on detection, and to rely on
mechanical scanning. The demands on the latter can be reduced by scanning a
group of several transducers at once, but the transducers act independently
and do not form an array in the true sense of the word.

This method of sccuining was first demonstrated in the design of an
instrument for FFTF at Hanford<13>.

Application to the PFR

As a forerunner of more sophisticated devices, a snvill viewer i3 being
assembled i'or use in the PFR. Unlike the Hanford device, this viewer will
not cover the whole core in a eingle reactor operation but ia, instead, a
rigid device inserted throvjh a suitable access hole in the reactor shield
(Fig S). Because the PFR snield rotates, the viewer can cover nny pare of
the annulus of the cere defined by the rotation. The viewer ca-i also tu*"n
on its own axis, and th<* consequent-, combination of the two rotary motions
enables a rather complicated scanning of the top ci the core. The "head" of
the viewer carries eight vertical downward pointing transducers and also four
horizontally lacing transducers. Tha vertical transducers consist of four
mirror image pairs, and in any one experiment only four transducers (one from
each pair) are used.

The horizontal transducers will provide sweep-arm facilities, and help
to iocate the position of the device in the reactor.

Transducer Design

For operation during, say, a reactor shutdown when the temperature is
below 3OO°C, lead zirconium titanate (PZT) transducers are preferred because
of their higher sensitivity. At higher temperatures the less efficient
Lithium Niobate c.'.n be used'9' . The PZT element must be '.ncapsulated to
protect it against sodium, and for satisfactory acoustic coupling between
the PZT and sodium at 5MHa, the element "lust be bonded tightly to the active
face of the capsule. The acoustic coupling further depends on effective
acoustic "wetting" of the active face T'htn first immersed in sodium. This
appears to be a complex chemical process when the diaphzsgm is stainless
steel or a related alloy and is difficult to achieve with temperatures below
400 C. The problem is not so severe in nickel, and good acoustic coupling
can be achieved providing the transducer face is clear, and polished, and
consequently the transducer body is sanufactured out of nickel.
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The J?ZT disc which forms the transducer element is lead-bonded to the

diaphram. The method of doing this '14^ has been developed to ensure a high
reliability and reproducibility of the finished product. The principal
problem to overcome was the uneven bonding by tt>n. lead/silver alloy over the
whole crystal arf.-o.. The second and not unrelated problem is the tendency
f-r lead to dissolve the silver coating electrode of the PZT di^c, with
consequent bonding failure. This results in a distortion of the ultrasonic
beam profile, at best the transducer "squints"; at worst the transducer
enargy divides so that more than one beam emerges. A squinting transducer
is a serious occurrence in that co-ordinate positions of located targets
will be in error because the ulcrasonic beam and tr^nsduuer axes are not
coincident. For the PFR work these axes must be within 2 degrees.

The transducers have proved very robust in application, and some samples
have accumulated an operating life in sodium above 250 C for over 18 months.
On occasions, the temperature of a transducer has been raised c-fcove 304 C,
the neltinc- pornt of lead-silver eutectic. The ultrasonic transmission/
reception invariably ceases at this point, to recover with some loss of
sensitivity when the temperature is reduced again. Presumedly tlie total
loss of signal is caused by an increased mismatch at the °utectic liquid
incerface; and the loss of sensitivity on bond re-solidification due to
physical changes in the bond. In practice the transducers are limited in
temperature to 28O°C, but this is high enough for use during a. reactor shut-
down.

Routine tests include sensitivity calibration, polar plots of th^
ultrasound distribution, measurements of resistance, capacitance and
impedence, and immersion proo1: tests in sodium. Tests of the final assemb-
lies show a spread of sensitivities with a standard deviation of +2.7dB.
Since this is for send/receive measurements, the bond transmittivity has a
variation of not more than half this figure. The contribution made by-
variations in the PZT discs themselves is probably about +_idB.

In general, four scans are taken on the polar plot facility, two at
right angles shoving the axial distribution, and two at selected points
showing the transverse distributions. Figure 6 is a typical plot in that
all the transducers made in the described manner show no side lobes, and the
beam axes are within 0.5 of the transducer axis. (The contours in the
figure are at alternate 2 and 4dB intervals).

Purtlu-r dotaiAs concerning the transducer construction and tests have

been given elsewhere l-L-'1 .

Water Model Tests

In order to **est the data collection/display systems for the PFR
viewing instruiv.ant, water model tests were performed. Th_ tests were made
using a water model scanning facility (BRUTUS) at RNL.

The scanner was programmed to sibilate the combined rotary movements
of viewer and rotating shield over a core model, and th<s experiment took
place in real-time also, to test the full ability uf the data collection
system. The simulation produced an image of an annular region of the core
model.

Scanning a lajge area in this way yields sufficient data to determine
the position of each fuel sub-assembly (by calculating its centre) to a
precision of 0.5mm. Details of the sub-assembly itself can be visualised
but only after further data manipulation to compensate tor the different
characteristics of the several transducers used to generate the picture.
Where the finer aotaiJ. is important, it is betttr to arrange for an area to
to scanned by one transducer only, the extra time involved is amply repaid
as Fig 7 shows. In this example the upper right model iub-assembly ring
has its centre co-ordinates marked by the analyses computer. The centre
ring is tilted slightly, and the lover left ring shows uneven machining of
its surface. In the latter case, the depth of irreaularity is only
5 vnicron, but thf echo amplitudes are influenced by slight changes of angle
or. the reflecting surface. Whilst at this stage of development, fine
surface cracka cannot be detected by ultrasonic viewing, it may be argued
that the cr^ck is significant if it relieves strain, in which case the
surfaces either side of the crock would not be in the same plane. Ultra-
son •'.c viewing might well discover the crack as a boundary b<5tweevi surfaces
of differing reflectivity.

5. CONCLUSIONS

The review has shown that significant progress is being made by
acoustic technique whirh may b"2 expected to contribute significantly to
each of the three phases of assuring structural reliability in LMFBR's.
Eowever, the high assurance required means that further development is
essential viz:

(1) the monitoring of welding shows promise in the laboratory
cf improving the detection of defects during fabrication.
Howeve;:, the detection is not straightforward because of
the high background noise from the welding process and
disciimination requires pattern recognition techniques
for its satisfactory implementation. Further laboratory
tests, including cross comparisons with other NDT
methods are required before tests in manufacturer's work-
shops can be considered.

(2) the acoustic tsission technology is well established and it
seems timely to review the prospects of on-line monitoring.
Confirmation is specifically required that the amplitude of
emission from stainless steel increases at elevated tempera-
tures (above 4OO C ) .

(3) the degree of sophistication of modal analysis means that
small changes of frequency spectra can be reliably detected.
However, to give a high confidence in the interpretation of
spectral shifts in specific components will .require much
more development. It would seem practical soon tc devise
schemes for an auC.t of the fatigue life remaining to
components.



(4) the technology of viewing submerged components under sodium
1 s rapidly developing. Reactor measurements of the sort
currently planm^l for PFR are required to confirm this
potential. Further examination is required of the value of
deformation and distortion measurements to the assurance of
structural reliability.

6. REFERENCES

3 . GOPAI- R and SMITH J R. "Experiences with acoustic emission monitoring
in nuclear power plants". Conference on Periodic Inspection of
PresEt'.risr-i Components. The Institution of Mechanical Engineers,
London. Paper C41/79. 8-10 May 1979.

2. LIDIARD A B and HARROP L P. Ibid. C23/79.

3. O'NEIL R. "The Role of NDT in Reliability Ascurancs". Structural
Reliability Course Ispra. 7-11 November 1977.

4. BEN^LEV P G and PRINE D W. Acoustic emission from artificial defects
introduced into fusion welds on two-inch thick steel plates.
International Conference on Acoustic Emission. Anaheim, USA. 1979.

•F-. BENTLEY P G, DAWSON D G, HANLLY D J and KIRBY N. Acoustic emission
tests on a 25mm thick mild steel pressure vessel with inserted
defects. I. Mech. E. Conference on Periodic Inspection for
Pressurised Components. London, England. 1976.

•">. OBATA Y and BENTLEY P G. Acoustic emission test: on a 1 metre diameter
pressure vessel with a 6O% artificial defect. European Working Grout-
on Acoustic Emission, Risley, England. 1!J78.

7. 0N0 K and HS'J S Y S . Acoustic emission behaviour of austenitic
stainless steels and alpha-bronzes at elevated temperature. Materials
Science and Engineering. 38_. pplfc!7-191. 1979.

8. BSNTLEY P G. Acoustic emission from stress corrosion cracking in
316 stainless steel. European Working Group on Acoustic Emission.
Roskilde, Denmark. 1076.

9. BURTON E J, BENTLEY P G, BISHOP J, MACLEOD I D and MCKNIGHT J A.
The development, of techniques for the surveillance of LMFBR's.
Progress in Nuclear Energy. 1_. pp39j-408. 1S77.

10. BENTLEY P G and ROWLEY R. Acoustic vibration measurements in PFR.
British Nuclear Energy Society Conference on Vibration in Nuclear
Slant. Keswick, England. 1978.

11. BURTON E J et al. An overview of the development of diagnostic
techniques for fast reactor safety. Proc. Int. Meeting on fast
reactor safety technology, Seattle, Washington. 19-23 August 1979.

12. LIONS N et ai. Special Instrumentation for I'henix. BNES Conference,
London. 11-14 March 1974. pp525-536.

13. DAY C K and SMITH R W. Under scdium viewing. IEK Trans on Sonics
and Ultrasonics, Vol SU-21, No 3. July 1974.

14. BISHOP J. British Patent Nos 1,526,950 and 2,029,306.

15. McKNIGHT J A et al. The Applications of Ultrasonic Technology undar
Sodium. 2nd International Conference on Liquid Metal Technology in
Energy Production. Richland, Washington 20-;-! April 1980.

167

TIME
0c DAY

209332
2093?2
209432
209482
209532
209582
209632
20968?
209732
2102U
210264
210314
210364
2104H
210464
2105U
210564
210614
210664
211257
211307
211357
211407
211457
21 ".5 07
211557
211607
212893
312943
212S93
213043
2130S3
213143
213193
213243
213293
213276

POSITION

A B C D E

. STICK 1

STICK 3

STICK 4

FIG 1. Cluster analysis showing defect -acoustic emissions ringed
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ABSTRACT

Holography, an optical process whereby an image of the original
subject can be reconstructed in three dimensions, is being developed for use
as an optical inspection tool. With a potential information storage density
of 10*° bits/m , the ability to reconstruct in 3 dimensions, a depth of field
of up to 8 metres, extremely wide angle of view, and potentially diffraction
limited resolution, holography should be invaluable for the optical recording
of fast reactors during construction, and the inspection of optically
accessible regions during operation, or maintenance down-times. The
photographic emulsions used for high resolution holography are fine-grained
and fog only very slowly when subjected to Y-radiation, so that inspection
of highly radio-active regions and components can be effected satisfactorily.
Some of the practical limitations affecting holography are described and ways
of overcoming them discussed. Some preliminary results are presented.

INTRODUCTION

In the 20 years since the development of the laser transformed holography from
a barely realisable curiosity into an exciting practical proposition, the
subject has demonstrated enormous potential and has been widely employed, in
the laboratory, to tackle an enormous range of problems. In the field of
practical engineering, however, applications have been very limited, and have
consisted almost entirely of the use of double-exposure holography as a means
of recording distortion of structures or changes in refractive index of a
medium (1). The straightforward use of holography to provide high resolution
three dimensional records of engineering structures has been neglected - and
given the poor quality of most of the published reconstructions of
holographically recorded scenes, this is perhaps not surprising.

Superficially holography has much to offer as a replacement for photographic
or photogrammetric recording of important features of structures. The ultimate
resolution, rarely achieved in practice,of a scene recorded photographically
is set by the lens aperture, that of a hologram by the plate size. For equal
diameter of lens and holographic plate, the resolution limit is the same:-

1.22 \1D
line pairs/mm resolved at distance D for light
of wavelength A.

(1)
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Since large diameter holographic plates are cheaper and easier to obtain than
diffraction limited lenses, the potential resolution of a hologram is usually
greater than that of a photograph, but this advantage can only be realised if
the real pseudoscopic image is studied in reconstruction. More startling
however, is the difference in information storage capacity of the two media.
The information stored on a photograph can he approximated to the total
number of discernible image points. Thus for a negative of area A on which
N line pairs per mm can be resolved, the number of information points is
given by:

n2A (2)

and using the high figure of n = 100 line pairs/mm, we obtain a figure for
the information stored on a conventional negative of I $ 10l°/m2.

On the other hand for the hologram no part of the image is embodied in any
single point in the hologram. The information storage here is limited by the
physical size of light sensitive grains embedded in the emulsion. Assuming
that the emulsion contains the equivalent of a single continuous layer of light
sensitive grains, the number of bits of information contained in the hologram
will be:

h (3)

Where I is the linear dimension of the photographic grains. Using 9,-30 ran,
we obtain IJJ - 9x10 /m^. Thus a single hologram can provide the information
contained in many thousands of photographs, particularly since a hologram of
300 x 400 mm may well be taken instead of a photographic negative 60 x 60 mm
in size.

With the ever growing demands on safety aspects of all types of nuclear plant
and the implications of these trends for fast reactor construction and
inspection requirements, the apparent advantages of holography for optical
recording deserve further study, and this paper describes some of the work now
in progress at the Marchwood Engineering Laboratories. Particular attention
is being paid to those factors of laser and holo-camera design which limit
resolution, the problems of stability and reliability, and techniques for
examining and recording the reconstructed image. A holo-camera is also
being developed for the useful but less demanding application of double
pulse holography for the study of dynamic characteristics of reactor
structures, and possible fault detection.

FACTORS AFFECTING RESOLUTION

Figure 1 illustrates the process of recording and reconstructing a hologram.
In construction, the light scattered from the subject and the reference beam
must be coherent over times at least equal to 2D/C where D is the depth of
the illuminated scene, C the velocity of light. The resulting interference
fringes formed in the emulsion (shown diagrammatically in Figure 1 for one
point on the subject) should be faithfully recorded with the correct intensity-
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density (gamma) factor. The reference beam should be an ideal, diffraction
limited, point source, and the beam used to illustrate the subject should
preferably be an unblemished plane or spherical wave. The spacing and
relative position of the source, subject, holographic plate and any optical
components of the holo-camera must be stable to better than X/2 for the
duration of the experiment. Finally the recording material (photographic
emulsion) should remain undistorted by chemical processing, except to produce
the desired fringes. Changes in lateral emulsion dimension appear to be
small, but shrinkage through the 10 to 15 pm thick emulsion can alter the
fringe angles, producing a significant spherical aberration.

In reconstruction, to obtain a pseudoscopic image, a diffraction limited beam
is required propagating in the opposite direction to that used to construct
the hologram. Some errors must inevitably arise here due to the relatively
poor quality of the glass backing plate. The holographic plate should be at
the same position relative to the point of convergence of the reference beam
as during construction, at the same angle to it and the wave-length of the
reconstructing beam should be the same as that used for construction - a
requirement not normally met if pulsed lasers are used.

The factors requiring attention, and some comments on the effects are as
follows:- •

Coherence

Coherence can be divided into temporal (along the wave train) and spatial
(across the wave front). Temporal coherence is necessary to give depth to
the hologram - and in our work the required depths range from 8 m downwards.
Output and intra-cavity etalons are used to provide a single longitudinal
mode of oscillation. c.w. lasers with bandwidths of ^ 1 MHz are commercially
available and pulsed ruby lasers are manufactured which operate in single
longitudinal mode with moderate reliability. When the laser operates in two
modes "contouring" of the subject occurs due to "beating" of the two modes at
intervals H = X^/AX where AX is the wavelength difference. This results in
loss of illumination of the subject at the regular intervals I, For our
application with pulsed lasers, a very high degree of reliability must be
obtainable, in industrial conditions, with lasers operated by non-specialist
staff. We are presently studying the factors which cause a change from
single to two-mode oscillation in pulsed ruby laser oscillator amplifier
systems.

Beam Quality

A spatially coherent TEMOO beam satisfies the requirements for reference and
illuminating beams, and again this is normally available from commercial c.w.
lasers by a combination of oscillator designs and beam spatial filters. An
additional requirement not always met in c.w. lasers is beam pointing
stability commensurate with diffraction limited beam divergence.
Consideration of Figure 1 shows that the size of a resolvable point on the
subject is determined by the angular size of the laser source. Thus if the
laser produces a beam with an apparent source size S at distance R from the

centre of the holographic plate, the smallest possible resolvable size on a
point of the subject distance D from the centre of the holographic plate
will be:

S&:
R (A)

Although single transverse mode operation of single stage pulsed ruby lasers
working at lower power (£ 50 mJ) is relatively easily obtained, and a clean
beam profile can subsequently be obtained by the usual spatial filtering
technique, the.performance of multi stage oscillator amplifier system has
generally been unsatisfactory hitherto because of the difficulty of spatially
filtering the high power output without producing air breakdown in the small
filtering aperture. . .

However, subsequent to experimental work we have recently had a 10 joule 'Q'
switched holographic laser constructed (Figure 2). This has been designed
jointly with J.K. Lasers Ltd. Our technique for cleaning up the beam has
been to spatially filter the output from the oscillator, before passing into
the. amplifiers. By careful choice of the focal length of the spatial
filter lens and pinhole diameter the spot is kept at a size above that at
which air breakdown will occur. The filter diameter is designed to pass the
central mode of the focussed Airey disc of a diffraction limited TEMQO beam.
A second lens recollimates the beam leaving some residual divergence so that
the distance between the apparent laser source and the first amplifier places
the amplifier in the farfield of the source.

Processing

dearly processing of the hologram is of prime importance in ensuring good
quality holography. This is a subject on which Phillips has made major
contributions (3), and reference should be made to this author's work.

Stability

Stability requirements for our work are such that we consider the use of c.w.
lasers to be out of the question. A laser pulse length of 'v. 100 ns is so
short that any mechanical structure which is not undergoing very high
amplitude oscillations cannot move through a distance of X/2 during the pulse
unless it is subjected to mechanical forces which will cause the structure to
disintegrate. The stability problem is then one of ensuring that a standard
of engineering is employed such as to reduce long term movements of components
relative to each other to an acceptable level. For routine industrial use
this requirement is a demanding one, and a substantial effort is being devoted
to it. In our experience the design of the laser bed, the physical stability
of the components particularly the etalons contained in the oscilator, and the
effects of changes in ambient temperature all merit urgent attention if robust
holocameras are to be developed.

Holocamera Physical Dimensions

A small change in the distance R between the apparent laser source Q
(Figure 1) and the holographic plate will produce a change in the distance D
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between the point T on the subject and the holographic plate given by:-

6D - - 2. 6R (5)

Thus if accurate measurements of dimensions are required on large structures
the position of Q must be fixed relative to the holographic plate to the same
order. If separate recording and reconstruction equipment are to be used,
the distances must be equal in the two pieces of equipment to the same order.
Any difference in these dimensions will also introduce 'spherical' aberrations,
which will be severe for large numerical apertures.

A change in angle of the hologram to the reference beam will introduce
aberrations. However a reasonably secure mount will introduce less error
than that produced by changes in replay wavelength, discussed later, and will
not be considered here. Good quality mounts should be employed to provide
vibration free mounting of the plate. It should be possible to return the
plate to its original mounting position within a fraction of a wavelength.

Optical Components

In principle the holographic process depends upon the interference of two
coherent wavetrains of arbitrary form, and reconstruction requires simply that
the reference beam have the same arbitrary form for both construction and
reconstruction. Therefore, optical components of any quality can be used,
provided they are used in precisely the same position and orientation for both
construction and reconstruction. In practice it is probably easier and
certainly safer,to use diffraction limited optics throughout.

Change of Wavelength

Holograms obtained using a pulsed ruby laser cannot readily be reconstructed
in light of the same wavelength, and it is usual to use He-Ne light for this
purpose. It is worthwhile, therefore, devoting some time to consideration
of the effects of wavelength change on the performance of a hologram, in the
absence of other distorting influences, and especially of changes in
dimension of the emulsion.

Referring to Figure 3(a), consider only effects in the plane perpendicular to
the holographic plate which includes both the reference beam source and a point
P on the reconstructed subject. AB is the holographic plate, length 2a with
centre point 0. OP is defined by (r, e o ) , AP by (s, 6^ BP by (t,82). The
reference beam is taken to be parallel, and at angle <j> to AB. When the
hologram was constructed fringes formed in the emulsion at points on the
holographic plate so as to bisect the angle between the reference beam and the
lines AP, OP, BT etc, these being the fringes relating solely to point P.

The spacing between successive fringes at each point on the emulsion is given
by (Figure 3(b))

d = Xsin
TT-(6+<fi) (6)

When the light wavelength X is changed to X+5X, equation (6) can only be
satisfied by a change in the angle <j> of the plate to the reference beam to
<j>+6<{> if 6 is constant at all points - i.e. if P is infinitely distant, or AB
is infinitesimal. Adjustment of $ must therefore be to some optimum value
<(>+<$<)> corresponding to complete correction at, say, point 0. This failure
should not affect resolution, but will affect diffraction efficiency.

The point P will be reconstructed at P when a reversed reference beam of
wavelength X is employed for reconstruction. If a wavelength X+6X is employed,
and the angle if> adjusted <ji+i5<t> to match the fringe spacing the rays AP, OP, BP
will each be rotated by angle 6<J> such that (X+6X) sin (Tt-6-i}io-6<|>) =
Xsin(ir-6-<j>n). 2

2

Approximating cos 6$ = 1, sin

6X sin

dX

and ignoring 2nd order terms

= 0

(7)

where 9 refers to the angle between the holographic plate and a line to point
P from an arbitrary position on AB.

Equation (7) defines the angular movement of rays AP, OP and BP. The points
P1, P", P1" to which bundles of rays from each of these regions will converge
will therefore be moved from P by distances s6if>, r6<(> and t6<f>. The spread of
these values gives a measure of the consequent blurring of point P. The
blurring can be expressed as the ratio of the "chromatic" to the diffraction
blurring. At any given value of r/a,6o and $ this chromatic blurring factor
can be expressed in terms of a constant multiplied by (r SX/X^). Thus values
of (r 5X/X^)^£m = 1/C define values of this expression for which the chromatic
blur is the same size as the diffraction blur. Figure 4 shows how this
quantity varies as a function of the holographic aperture r/a and the angle
of the reference beam to the holographic plate for the special case 8 0 = TT/2.
Figure 5 illustrates the effect of change in the position of P (defined by the
angle 8O, and the holographic aperture r/a) at a fixed reference beam angle $.
Values of (r 6X/X^)^£m- in Figure 5 have been calculated for the &$ which gives
brightest reconstruction of the point P.

It is apparent from Figures 4 and 5 that the chromatic blurring resulting when
He-Ne light is used to reconstruct a hologram made in ruby light, is important
especially at peripheral points in the scene and at low reference beam angles.
Values of *nm for the case of a hologram recorded with ruby lighg, and
replayed in He-Ne light are shown in Figures 4 and 5. For <$> = 10, 8 = tr/2
the chromatic blurring will be 100 times diffraction limited at 150 mm from
:a 150 mm diameter hologram, but only ten times the diffraction at 1.5 m from a
300 mm diameter plate. For these reasons we have purchased a tunable c.w.
laser for holographic reconstruction. The very severe blurring at low
numerical aperture and small values of 8 0 may still be a limiting factor in
hologram performance, since the same effects are to be expected from changes
in the thickness of the emulsion during processing.
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EXAMINING AMD RECORDING THE RECONSTRUCTED IMAGE

This is not the place to discuss techniques of producing pseudoscopic 'real'
images (4). It is sufficient to say that a 'real' pseudoscopic image of the
same size and dimensions as the original subject can be holographically
produced, projected in three dimensional space, Figure 1. It is called
pseudoscopic because it faces the holographic plate and is seen as 'inside out'
by the observer. As stated above such real images must be employed if the
potential resolving power of a holograph is to be realised. Extremely fine
grain photographic materials can be located in the projected image carefully
positioned in the actual plane of focus.of the detail required. Figures 6(a)
(b), (c) and (d), which are reproduced here, were obtained by this method.
Alternatively, any desirable degree of magnification can be achieved by
employing some optical device such as a microscope or macro camera, to record
those portions of the image required for detailed examination. Figure 7
taken from a real image reconstruction of a 1000 lines per inch ( 40 urn square)
mesh was produced in this way.

DOUBLE-PULSE HOLOGRAPHY

If a subject is recorded holographically, displaced or distorted through
distances of a few wavelengths of the light used for the recording, and then
recorded again on the same plate, the resulting composite hologram will, when
reconstructed, exhibit an interference pattern caused by interaction between
the two sets of reconstructed wavefronts, so that the movement between the
two exposures can be quantified in all three dimensions limited only by the
range of views of the subject recorded on the hologram. This "double pulse"
holography has been widely used for studying static and dynamic distortions
of a wide range of engineering structures, and has the advantage that it is
much less demanding, in terms of beam quality, than the type of high
resolution work discussed above.

APPLICATIONS TO FAST REACTORS

The combination of high resolving power, large field of view, great depth of
field and information storage capacity makes holography a potentially power-
ful tool for the optical inspection of fast reactors. By taking "record"
holograms of reactors under construction a quantity of information equivalent
to many thousands of photographs can be obtained and made available to
engineers at any time during the operating life of the reactor, giving a three
dimensional realism to the record which is unattainable in any other way.
Inspection of optically remote areas of the reactor can be achieved, even in
high radiation fields (> 10^ Rads/hr) by holographic recording using a pulsed
laser, and the record inspected in fine detail in the laboratory, as
illustrated in Figure 8, using the pseudoscopic real image. The additional
advantage of the holographic real image, that it readily allows "sectional"
views of cylindrical objects to be obtained (see Figure 6) is also likely to
prove invaluable.

The limitations of double-pulse holography for studying dynamic and static
distortions, and for detecting sub-surface flaws are also being investigated.
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form real image

FIGURE 1 . RECORDING AND RECONSTRUCTING A REAL IMAGE
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Figure 6(a)
End Caps

Figure 6(b)
Front Brace

Figure 6(c)
Middle Brace

Figure 6(d)
Rear Grid Figure 6(e)

Virtual Image

Figure. 6: Series of holographically produced
images taken along the axis of an
AGR Fuel Element -obtained from the
'real' image and (e) from virtual
image
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Figure 7
Photomicrograph of 40 ym mesh grid
taken from holographically
reconstructed real image.

Figure 8(a)
Photograph obtained from
virtual image of hologram
of fuel pins subjected to
artificial pressure
testing.

Figure 8(b)
Photomicrograph examination of
holographic real image illustrating
cracks.



DEVELOPING WORKS TO DETECT FATIGUE CRACKS (SMALL
SODIUM LEAK DETECTOR AND ACOUSTIC EMISSION)
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Akasaka, Minato-ku, Tokyo
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Abstract

Countinuous monitoring of fatigue cracks was performed, using both

sodium leak detector and AE measuring system, through the creep-fatigue

test of 304 stainless steel long elbow that has been being performed as a

part of the test series to establish the structural reliability of the

Prototype FBR primary heat transport piping system. The sodium leak

detector was a system composed mainly of SID (Sodium Ionization Detector)

and DPD (Defferential Pressure Detector), that was developed by HITACHI

Ltd. under a contract with PNC. The AE system was Synthetic AE Measur-

ing and Analyzing system that was developed at FBR Safety Section to

measure and analyze AE at variour piping component tests. The test was

continued until a sodium leakage was detected by the contact-type sodium

leak detector attached to the test assembly, after about 4 weeks operation

under cyclic loading at 600°C.

The following conclusions were obtained:

(1) The sodium leak detecotor, both SID and DPD, indicated sodium leadage

clearly, some hours before the contact-type detector did, even under an

environment of air that contains ordinary humidity.
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(Leaked sodium was estimated to be less than 15 grams after completion

of the test.)

(2) The AE method indicated location and seriousness of the fatigue

cracks apparently, before the crack penetration did occur.

1. Introduction

LMFBR, that is being developed in Japan, is operated only under

low internal pressure, and major stresses are thermal stresses that

are caused by difference in thermal expansion. Then it can be assumed

that, even if a certain fatigue crack might become to be a through-

wall one at a part of pressure boundaries, it would cause only a

minor sodium leakage. Therfore the monitoring system of integrity of

the pressure boundary is mainly composed of sodium—leak—detection

systems, and especially small leak detectors with an excellent sen-

sitivity are expected to play a significant role.

Small leak detectors such as Sodium Ionization Detector (SID)

and Differential Pressure Detector (DPD) have been developed under

such situation. Usually these detectors are called as gas-sampling

type, that collect environmental gas through sampling pipes and

evaluate sodium aerosol density of the sampled gas. The sodium =

aerosol density at the position of the sensor may be effected by =-^=

v-< £=s==^=£
temperatures and other environments of the objective or by the sam- O ~ —

O = = ==
pling conditions. Therefore verification tests of the whole detect- f\j n ^ j

O = = :
ing system under a condition similar to the actual become necessary. _*. =====

O ^ ^
This report shows the result of application of the small sodium °° ^=

leak detection system to a fatigue test of 12 inches pipe elbow of



304 stainless steel in sodium environment (with a constant sodium

flow inside of the test assembly). At the same time, measured

results of Acoustic Emission (AE) are shown, that has a sufficient

experience of application at our laboratory.

2. Test Equipment.

2.1 Creep Fatique Test in Sodium Environment

The main objective of this test is to establish structural

integrity of structural components of FBR "Monju" that are used

at the temperature where creep properties of the material are not

neglected.

The test assembly that was used at this test is shown on Fig

2.1. The objective component was pipe elbow. Material was 304

stainless steel as is to be used for our Prototype FBR "Monju".

The assembly was composed of 90 degree long elbow of 12 inches

diameter, Sch. 20S (This means that the nominal wall, thickness is

6.5mm.), two straight pipes of the similar configuration, and

other additional supplements such as 2 inches pipes to circulate

sodium, sodium catch trays for leakage protection, flanges to fix

and to impose mechanical load, etc.

On the surface of the assembly, electric heaters for pre-

heating, thermo-couples, strain gages, AE wave guides and sodium

leak detectors of contact-type were attached, and the assembly was

covered by thermal insulator of glass wool of three layers (total

150mm in thickness).
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Creep Fatigue Test Rig of Piping Components in Sodium Enviroment

was used in the test. The flow diagram of this test rig is shown

as Fig 2.2. The rig is composed of the test section of an eleetro-

hydrauric actuator, a steel framework and a steel test room, the

main circumlatlon system, the purification system, the measuring/

controling system, etc.

The test was started by pre-heating up to 300°C. Sodium was

charged both to the loop and the test assembly at temperature of

about 300°C, and was heated up to 600°C (the test temperature),

performing purification of the charged sodium at the same time.

Sodium leakage is caused by a through-wall fatigue cracks

induced by cyclic loading by the actuator. The test was terminated

(sodium drain and termination of cyclic loading) when one of the

leak detectors of contact type indicated sodium leakage.

Whole test conditions are summerized as Table 2.1. Internal

pressure of the test assembly was about 0.5 kgf/cm^ as a sum of

cover gas pressure and height difference from the free liquid

surface. External pressure was almost zero. (Precisely It was

negative, only a little, because of gas sampling of the small

sodium leak detector.)

2.2 Small Sodium Leak Detector

Outline of the small sodium leak detector is schematically

shown as Fig 2.3. Sampling gas was divided to two lines. One

is for Sodium Ionization Detector (SID) and the other is for

Differential Pressure Detector (DPD). All pipes of the system



were a quarter in diameter (13.5mm in outer diameter, and 10.5mm

in inner ddameter) of 304 stainless steel. Gas flow rates of

two" piping lines was about 4 Z /min respectively. A precipitator

was inserted between the SID and the pump to prevent corrosion

by sodium aerosal. A dew-point hygrometer was installed paral-

lely to the SID. It indicated that the dew point was above 20°C

20*C throughout the test.

A gas spacer was constructed and attached to the test assem-

bly, as shown in Fig 2.4. Environmental air around the test

specimen was sampled through this spacer. This was 250mm in

length and 400mm in diameter, and was installed using a thin

insulator layer of about 10 ~ 20mm to prevent acoustic noizes.

The volume of the gas spacer was about 11.5 litters. Sodium leak .

detectors of contact type is shown on the same figure, that was

installed in the first layer.

Sampling nozzles were constructed at the center of the sides.

Holes of 40min in diameter near the nozzles were those for

penetration of the AE wave guides. Thermal Insulator was attached

outside of the spacer too, of about 150 ~ 200mm in thinkness.

Piping system from the spacer to the detector system is

shown as Fig 2.5. Host of the piping was a quarter inches pipe

of 304 stainless steel. The whole length was about 11 meters,

about 8 meters in vertical and about 3 meters in horizontal. A

vacuum rubber tube was inserted to absorb deflections.
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2.3 AE Measurement System

2.3.1. Installation of AE Measurement System

The block diagram of AE measurement system used in this investi-

gation is shown in Fig. 2.6. AE signal generated from one point of

structure propagates on the structure and arrives at four AE trans-

ducers arranged for two equilateral triangles. AE signals accepted

by four transducers are amplified by pre-and main-amplifier, are

filtered to pass frequency between 100kHz and 500kHz, and enter the

the signal processer to characterize the AE signals (acoustic waves)

by various parameters. This system named "one event-raulti parameter

type" consists of File A, which records various parameters such

as time difference, pulse height, etc. for each signal in digital

form simultaneously with other parameters as number of cycles,

loading phase, load^ etc. and File B, which records AE original

wave form in digital form on magnetic tape, as shown in Table 2.2

This system has various functions as follows.

(1) The function of distinction between AE and a catoptric

acoustic wave.

(2) The function of discriminating AE signals by detecting order

of four transducers accompanied with transducer arrangement.

(3) The function of discriminating AE singnals by various

parameters to characterize AE waves for example arrival time

difference, peak volt, rising time, ring-down time and

external signal level.



(4) The functions of high-speed recording File A and selective

recording File B by gate sampling.

(5) The functions of on-line monitoring of AE source location and

two-dimentional data analysis.

(6) The function of automatic recording for long time.

2.3.2. AE Measuring Condition.

(1) The configuration and arrangement of wave guide rods.

The condiguration and arrangement of wave guide rods, which

are used to measure AE signal without attaching AE transducers

directly to the structure, is shown in Fig. 2.7. As shown in

Fig 2.7, one end of the wave guide was welded to the specimen

and the other end of wave guide was attached the AE transducer.

The four wave guides are arranged in rhombus on the development

surface of the elbow specimen to locate AE source on the whole

elbow specimen, as shown in Fig. 2.8. Only AE signals gener-

ated from a slanting line area surrounded by +100mm lines

with estimated position of the crack initiation as central

figure were analyized precisely.

(2) AE transducer

AE transducers, used in this investigation of which calibra-

tion curves are shown in Fig. 2.9, that are the high-sensitive

sensors have resonant frequency of about 200kHz. (D9203 of

DUNEGAN/ENCEVCO)

Fig. 2.9 indicates that the frequency responce and sensitivity

of four transducers are almost same. The coordinates and

sensitivity of four transducers are summarized in Table 2.3.
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(3) Amplifier and filter

Output signals of AE transducer are exchanged to digital via

pre-amplifier, low-pass-filter, high-pass filter, main-ampli-

fier and digital processor. Only pre-arapllfiers where set near

AE transducers. Frequency band width of band-pass-filter was

set to reject mechanical noise and electric noise considering

frequency response characteristics of AE transducers. Set

points of amplifiers and filters are shown in following table.

I Installation

1 pre-amplifier
1
1 filter

main-amplifier

fabricator

DUNEGAN/ENDEVCO
-

IWATSU

IWATSU

set point ]

40dB

100 ~ 500kHz i

20dB

(4) Trigger level.

Trigger level is minimum level of AE signal recorded and ana

lysed. This level is selected mainly based on experiences.

Trigger 1 is trigger level of event count and Trigger 2 is

trigger level of oscillation count.

2.3.3 Analysis Method

(1) AE source location.

AE source location analysis is one of most valuable method

of analysis to reject the noise and to know flaw location.

Generally in measurement of AE signals, it should be recog-
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nized that various mechanical and electric noises may be

conprehended in measured signals, because of high sensi-

tivity of AE measuring system- In this investigation,

however, it is comparatively easy to reject various noises

by AE source location method because areas of fatigue crack

propagation are predicted •

In other words, if the distances between each transducer

and flaw initiating position are set to be different, the

signals simultaneously accepted by each pair of transducers

can be decided to be the electric noise, and the signals

located out of the estimating flaw location are decided to

be mechanical noise. Therefore it is possible that uncertain

signals are rejected only by arrival time difference.

The AE source locations are determined by the calculation

of arrival time defference of signals accepted by each pair

of AE transducers, as same method of the earthquake source

locating.

(2) Pulse height distribution

AE generation mechanism is considered to have effects

on pulse height distribution. Therefore degree of fatigue

may be estimated by AE pulse height analysis.

The maximum pulse height of AE signal decreased in propagation

and at the same time it is difficult to estimate a level at the

source because an excellent occurs at the nearest region. Here

a method to estimate at a certain standard distance was selected.

The method of calculating contact pressure is shown as follows.

Peak voltage of AE signals first accepted. Vp (volt)

The distance between flaw location and transducer

position of first arrival channel r (m)

(Pre + Main) amplifier gain A (dB)

Transducer gain B (dBV/ubsr)

Detected voltage is converted to acoustic pressure.

Vp • i<r(A+B)/20

Obtained acoustic pressure is nomarized by the distance be-

tween AE source and AE transducer position in consideration

of 2 dimentional diffusion of surface wave. A standerd

distance of 1 m is selected, therefore the peak value is

obtained as follows.

Vp * = Vp • 10-(A+B)/20 . r

3. Results and Discussions.

3.1 Outlines of the Results

Fig 3.1 shows changes of major output from May 9th to June

7th in 1979. The values are sodium temperature, SID output,

DPD output, loading cycles respectively. Loading was started

on May 11th and was continued for 621 hours or 2,230

cycles until sodium drain.

3.2 DPD and SID Output at the earlier stage.

Relatively excellent signals were observed at the initial
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stage (pre-heating and intal loading cycles) as Is shown on

Fig 3.1. The Initial part is shown as Fig 3.2 and Fig 3.3

more precisely. These signals should be considered as

erronious, probably introduced by a certain minor composi-

tion of the thermal insulator because they dropped to -0.5V

(background level) when the filament temperature was de-

creased (4.6 ~ 4.8 hours on Fig 3.2). However they were in

pulse form and had a great difference from the signal pattern

observed at the actual sodium leakage (Fig 3.6, shown later).

They almost diminished in 42 ~ 45 hours.

Similar signals were also observed just after start of

loading, (see Fig 3.3) because changes of flow route would

be introduced by the loading, providing additional affeetable

particles to the sampled gas flow.

These erronious signals may prevent successful application

of the SID to the actual plant. However signal patterns

were clearly different as mentioned before, and they appeared

only at the initial stage. From Fig 3.4, it Is recognized

easily that the signal level at the initial stage (marked

as "A") is sufficiantly smaller than that at the actual

leakage (marked as "E")> Note that the Fig 3.4 is plotted

using logarism in vertical direction.

Fig 3.4 shows two other indications. One (marked as "B")

was at the occasion of exchanges of electrode and filter

and the other (marked as "C") was caused by troubles of the

amplifier itself. Both cannot be considered to cause any

trouble at an actual usage, and have only a sufficiently

low level.

DPD output showed a slight increase just after install-

ation and soon become stable as shown on Fig 3.5. This

phenomenon was considered to be caused mainly by an accumu-

lation of glass wool fibres or Impurities of the thermal insu-

lation. However, anyway, this slight increase was sufficient-

ly smaller than that at the actual sodium leakage.

3.3 SID and DPD Responce to Sodium Leakage.

Fig 3.6 shows responces at the sodium leakage. Increase of

DPD could be observed at 11 a.m. on June 6th, almost when

leakage should be estimated to be started. After about 4

hours, increase of DPD reached 10% of the initial level

(360mmAq), and the incresing rate became to show an ex-

cellent level. It is not clear why this remarkable increase

.of output gradient occurred. It is assumed that a production

of sodium aerosol become extremely significant, because the

SID output began to increase at the same time.

A rapid plug of the filter was not observed. Preceding

works of DPD showed that a large amount of sodium aerosol

by burning in air caused a rapid plug. It may be concluded

that humidity in air was too high for burning or diameter of

•aerosol particles was sufficiently large In comparison v*th

holes of the filter.
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As mentioned before, increasing rates showed significant

difference between just after installation and at the sodium

leakage*

First SID indication at the sodium leakage appeared at

13 oclock on June 6th. It was only one pulse, but the pulse

width was larger than those at the earier stage and no

indication had been obserbed in preceding 71 hours. After

two hours, from 15 O'clock, the indication became frequent.

From 15:18, a typical output response was observed, contiunous

type that appears usually when sodium aerosol exists in gas.

The contiunous output level was • 3 •*• 4 V.

At 16:52, about 2 hours after DPD and SID showed apparent

sodium leakage, a sodium leak detector of contact type hit,

and at 16:56 sodium drain was performed.

Sodium leakage was considered to stop at the sodium drain,

and the amount was 10.4g by nuetralization method. Leaked

sodium was collected by wiping of the surface. Therefore the

amount of 10.4 is the minimum in a restrict meaning, but the

amount can be considered not to exceed 15g. This value is

sufficiently smaller than the tentative target value for de-

velopment of the small sodium leak detection system (to detect

earlier than 250 hours for lOOg/h leakage) and verifies a high

applicability of the system to the actual plant.

3.4 Deposited Sodium Aerosol on the Surface of the Sampling

Piping.

After the test, the sampling piping was cut to pieces

to evaluate sticking of sodium aerosol on the surface.

Fig 3.7 shows the result. The total amount was 51.9mg. On

the other hand, quantitative analysis of the used filter

shows that sodium on the filter was 6.0mg. It was assumed

that almost same amount of sodium was sticked on the SID

linei Therefore it was estimated that the total absorbed a-

mount of sodium aerosol would be about 64mg and 82% was de-

posited on the sampling piping, mainly at the region within

2 meters from the test assembly.

3.5 Results of AE Measurement

3.5.1 AE Activities.

In this experiments AE signals could not be measured at load

transition under best measurement condition, because too many

signals appeared at the transition phase to distinguish each

event. Therefore AE signals generated at load holding

period were only analysed.

As metioned in 2.3.4, AE signals that came from two selected

areas, zone A and zone B, were selected from recorded data.

The area, zone A, was where a through wall crack appeared to

introduce sodium leakage. The area, zone B, was where only

surface cracks were observed on the inner surface without any

on the outer surface.

Variations of AE activity of AE signals generated from zone

A and zone B with number of cycles are shown in Fig. 3.9 (a)

and Fig. 3.9 (b) respectivily. AE activity of upper side of



this figure, indicates number of event and of below side of

this figure energy of AE signals.

As shown in this figure, AE activity of zone A is low under

initial loading cycles, but temporarily increased at about

1300 cycles and rapidly began to increase at about 1700 cy-

cles.

Precisely significant increase at 1700th cycles coule be

recognized only in event count, and in energy it appeared at

about 2000th cycles. This seems to mean that from 1700th

cycles AE activity began to increase in number, but its pulse

height was relatively low between 1700 and 2000.

On the other hand AE activity from zone B tended to increase

monotonically with loading cycles, but AE energy was much

lower than from zone A generally, but finaly AE activity from

from zone B became higher than AE activity from Eone A where

where fatigue crack propagated through the wall-thickness of

the elbow. It will be because surface cracks at zone B began

to offer significant AE signals and cohesion of sodium oxide

from leaked sodium at zone A began to cause absorption in

propagation process to the transducers. 3.5.2. Results

3.5.2. Results of AE source location.

Results of AE source location in zone A and B are shown in

Fig. 3.10, 3.11, 3.12, 3.13. Zone A is surrounded by the

lines (X=-350, X=-150, Y= ± 100) on four sides, zone B is

surrounded by the lines (-X=l50, X=350, Y= ± 100).
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Moreover X-coordinate and Y-coordinate in zone A and B were

divided into 20, as the result zone A and B were composed of

400pieces of lOma square. Consequently, when the source of

AE signals are located to some square, the accumulated values

(event or energy) of AE signals located in the square are

indicated by the length of lines stood on a center of the

square. Length of a side of zone A or B indicates 1000 event

or 500 ubar^. As shown in Fig. 3.10 and Fig. 3.11, it seems

that AE signals generated broadly for analysis number 1 4,

but AE signals concentrately generated at X=-250 of the loca-

tion after analysis number 5 and the region of AE signals

concentrately generating became wide with fatigue crack

propagation.

As shown in Fig. 3.12 and Fig. 3.13, it is seemed that AE

signals concentrately generated at X=250, where fatigue

crack was estimated to initiate and propagate at 1000 cycles.

Thus the results of AE source location give effective in-

formation, whether the fatigue crack initiates or not.

In the present situation the fatigue crack configuration and

fatigue crack propagation rate can not be estimated onlyfby

AE signals but it can seems that the presentation of fatigue

crack are verified easily by AE signals.

Moreover X-coordinate and Y-coordinate in zone A and B were

divided into 20, as the result zone A and B were composed of

AOOpieces of lOmm square. Consequently, when the source of

AE signals are located to some square, the accumulated values
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(event or energy) of AE signals located in the square are

indicated by the length of lines stood on a center of the

square. Length of a side of zone A or B indicates 1000 events

or 500 ubar^. As shown in Fig. 3.10 and Fig. 3.II, it seems

that AE signals generated broadly for analysis number 1 — 4 ,

but AE signals concentrately generated at X=-250 of the loca-

tion after analysis number 5 and the region of AE signals

concentrately generating became wide with fatigue crack

propagation.

As shown in Fig. 3.12 and Fig. 3.13, it is seemed that AE

signals concentrately generated at X=250, where fatigue

crack was estimated to initiate and propagate at 1000 cycles.

Thus the results of AE source location give effective in-

formation, whether the fatigue crack initiates or not.

In the present situation the fatigue crack configuration and

fatigue crack propagation rate can not be estimated only by

AE signals but it can seems that the presentation of fatigue

crack are verified easily by AE signals.

3.5.3. AE pulse height analysis.

AE pulse height analysis is the distribution of the amplitudes

of AE signals, by which the causes of AE generation are

presumed.

Fig. 3.14 and Fig. 3.15 show the results of AE pulse height

analysis of zone A and B respectively. On the whole, the con-

figurations of the distribution of AE signals are classified

into three type (type A, B and C), which has one peak distri-

bution, two peaks distribution and has the tendency of the

increment with pulse height.

It seems that type A is caused by the characteristics of AE

measurement system, but type 3 and C are related to the

crack initiation and propagation, as the same results were

obtained by the materials fatigue testing.

4. Conclusion

(1) Both SID and DPD could detect sodium leakage sufficiently

before it became 15 grams.

(2) Both SID and DPD indicated erroneous signals at an earlier

stage, but they diminished soon and could be considered not to

cause any trouble at an actual usage.

(3) About 82% of sodium aerosol was deposited on the inner

surface of the sampling pipe of 11 meters long.

(4) AE signals corresponding to initiation and propagation of

fatigue cracks could be detected well, and possibility of

applying the AE technique to detect fatigue cracks was recognized.
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Table 2.1 Test Conditions

Items

Actuator Mode

Deflection Range

IWave Form

I Sodium Temperature

I
I Sodium Flow Rate

I
ICT Lowest Temperature

Controlled Form Note

Deflection Controlled

+ 37mm

Trapezoidal

1004 sec/cycle

Tj=1.5 sec

T2"1.0 sec

T3=1000 sec

600 "C

150 /min

120<>C

Table 3.1 AE Energy Analysis

1

2

3

4

5

6

7

8

9

Cycles

1 - 250

250 ~ 500

500 ~ 750

750 — 1000

1000 ~ 1250

1250 ~ 1500

1500 ~ 1750

1750 ~ 2000

2000 ~ 2250

Events
A

230

333

386

631

896

1234

1363

2603

2983

B

297

296

238

365

595

238

547

361

1983

Energy
A

6.1

11.2

7.0

9.7

54.9

185.8

44.9

175.9

626.5

B

18.2

4.6

1.4

4.3

45.3

ia3
49.2

31.9

129.4

B-iergz/Evarft

A

0.03

0.03

0.02

0.02

0.06

0.15

0.03

0.06

0.21

B

0.06

0.02

0.00

0.01

0.08

0.08

0.09

0.09

0.07
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Fig 2.5 Gas Sampling Piping

Pri-
Amplifier

Pri-
Amplifier

Fig 2.6

190

Band-Pass wain
Filter Amplifier

external parameter signals

M

Band-Pass Main
Filter Amplifier
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System

Table 2.2 AE Panameters to be Recorded

(a) File A (b) File B

1
2
3
4
5
6
7
8
9

1O
11
12
13
14
16
16
17

TS"
19
M
21
22
23
24

Number of Event
Number of Error Events
Error Code
Number of Cvcles
Hour

• Minute
Phase
First Arr ival Channel
Second Arrival Channel
Third Ar r iva l Channel
Time Difference ( I - 2 )
Time Difference (1-3)
Peak Voitaae
Osc i l l a t ion Counts
External Parameter t
Externol Parameter 2
External Parameter 3
External Parameter 4
Record Number of Wave
User Parameter 1
User Parameter 2
User Farameter 3
User Parameter 4
User Parometer 5

TOTAL
REJECT
Ercode

PHASE
AOD
AOD
AOD
T12
T13
VPI
NOSC
EXT1
EXT2
FXT3
EXT4

TREC

1
2
3
4
t>
6
t
3
9

10
11
12
13

Record Number
Number of Events
First Arr ival Channel
Second Arrival Channel
Third Arr ival Channel
User Parameter 1
User Parometer 2
User Parameter 3
User Parameter 4
User Parameter 5
User Parameter 6
Wave Data (2ch) IkW
Wave Data (2ch) 1kW



1

M3x40

Tig

200

-©

J-

AE

? o

£x

W^30

Fig 2.7 AE Wave Guide

ch.3

to the fixed end

RECEPTION
(I0OU/M/S) D9203-AC46

IS

0

1

1 Mil
j\yij!i if
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THE EFFECTS OF COMPRESSIVE STRESS AND CONTAMINATING LIQUIDS
ON" THE ULTRASONIC DETECTION OF FATIGUE CRACKS

A. B. WOOLDRIDGE
North West Region
Scientific Services Department
Manchester, England

Abstract

The influence of compressive stress on the reflection and transmission
of ultrasound has been investigated for fatigue cracks. An examination
has been made of the shear wave corner echoes from surface breaking
fatigue cracks which were grown at constant stress intensity factor to
control the roughness of the faces.

In this way a correlation has been established between the roughness of
the surfaces and the ultrasonic response at both zero load and under
stress. The effect of liquids in the cracks has also been studied and
the results compared with theoretical predictions for a thin sided
parallel gap.

INTRODUCTION

The ability of ultrasonics to detect cracks is intrinsically good,

but i t may be reduced if compressive stress forces the crack faces together.

High cycle fatigue cracks whose surfaces are very smooth are likely to be

particularly sensitive to such compression. A previous report (Wooldridge 1979)

investigated the changes in reflection and transmission of ultrasound at

machine ground surfaces which were under compressive loading. I t was found

that whereas the transmission approaches unity at high load, the specular

reflection may s t i l l be readily detected at normal incidence. This paper

concentrates on the shear wave corner echoes from surface-breaking fatigue

cracks which were grown at constant stress intensity factor to control the

roughness of the faces. In this way we have established a strong correlation

between the roughness of the surfaces and the ultrasonic response at both zero

load and under stress. The effect of. liquids in the cracks has also been

studied and the results are compared with theoretical predictions for a thin

parallel-sided gap.

PRODUCTION OF THE FATIGUE CRACKS

The cracks were grown by th ree -po in t bend in s t e e l bars whose dimensions

are shown in Figure 1. EN3B mild s t e e l was general ly used but some cracks were

also grown in high qua l i ty mild s t e e l welds. Constant-load fat iguing i s

commonly used to grow cracks in the laboratory and often occurs in se rv i ce , but

t h i s leads to a continuous gradation in surface roughness as the crack propagates.

Consequently the cyc l ic load amplitude was reduced continuously during crack

growth so as to maintain constant the change in s t r e s s i n t e n s i t y fac to r , Ak,

near the crack t i p . Three values of Ak were chosen in the range 20-60 MNm ^2

and the cracks were grown t o depths of 5, 1O or 15mm. The cracks extended through

the fu l l width of the block ( i . e . 50mm) and were constrained to l i e perpendicular

to the surface by cy l ind r i ca l s ide-grooves. After- crack growth, the V-shaped

s t a r t e r notches were machined away and the top and bottom surfaces ground f l a t

and p a r a l l e l to f a c i l i t a t e examination of the surface-breaking fatigue cracks.

X
>
o

o
CO i

EXAMINATION OF THE CRACK FACES

On completion of the u l t r a son ic measurements some of the blocks were

s p l i t open to reveal the fat igue cracks . The crack faces were macroscopically | ^

f l a t , ly ing in a plane perpendicular to the t e s t i ng su r faces . Figure 2 shows

the Ra values for those cracks which have been examined and there i s a steady

increase in the mean Ra value with increas ing Ak for the cracks in parent meta

The weld specimen G which had not been s t r e s s - r e l i e v e d i s anomalously rough,

presumably because of va r i a t i ons in the mater ia l p rope r t i e s and res idua l welding

stresses in the block.



199
There are various ways of describing the s ta t i s t ica l properties of rough

surfaces, but We believe that the power spectral density P(W) i s one of the

most useful. Figure 3 shows that P(W) may be described approximately as

P(W) = A 1 where the cut-off spatial frequency W . is of the

order of lmm. A truly random surface would be expected to have a spectrum of

the form

P(W) - A 2 (Sayles and Thomas 1978).

Consequently the crack surfaces appear to be substantially random for

wavelengths<<lmm whereas the geometry of the block and the loading conditions

discourage the occurrence of wavelengths >>lmm. I t is worth noting that the

linear str iat ion structure which i s typical of fatigue crack surfaces is too

small to detect with a profilometer. The striation spacing varied from about

0.05 ym for Ak " 20 to 1.3 ym for Ak = 6O and could only be observed using an

electron microscope. The random variations in surface profile in the range

5 ym to 500 ym presumably arise from the random orientation of the grains and the

distribution of micro voids in the material.

CRACK CORNER ECHOES WITH NO APPLIED LOAD

Measurements of the corner echoes were made using 45°, 60 and 70

shear wave angle probes in pulse-echo. In addition a 6O shear wave and a

normal compression probe were used together in a Delta-Scan arrangement.

These t e s t s enabled the amplitudes of the corner echoes to be compared with

those of a smooth machined corner. Figure 4 shows the echoes obtained with a

45° probe; there i s a steady decrease in echo amplitude with increasing Ak, but

l i t t l e or no dependence on crack length . Similar effects occurred with the other

probe angles s tudied. This Ak dependence i s believed to a r i se from the

increase in roughness (Sescribed above, the longer wavelength components of

the roughness being most significant in causing diffuse scattering.

CRACK CORNER ECHOES WDER COMPRESSIVE STRESS

Compressive stresses were applied perpendicular to the crack faces by

loading the blocks along their axis, and the corners echoes monitored on a

chart recorder as the load increased. Although a small increase in signal

sometimes occurred at low loads, a monotonic decrease in signal always

occurred at higher loads. Figure 5 shows the maximum decreases in echo

amplitude for the 45 probe which occurred when the mean stress was increased

_2
to 160 MNm . Whereas decreases of about 20 dB occurred for cracks of low

Ak, the response of the crack of maximum Ak only decreased by 3dB. Similar

changes occurred for all the other probe angles studied and in each case

the cracks in stress-relieved welds behaved in a way similar to the cracks

in mild steel. However the crack in non stress-relieved weld metal (which had

an anomalously high roughness) showed only small changes with loading.

THE RELATIONSHIP BETWEEN THE REFLECTION COEFFICIENT AND THE STIFFNESS OF
AN INTERFACE ' "

To explain the dependence of the reflection coefficient on the roughness

of the crack surfaces we must consider the mechanism by which sound is

transmitted through a compressed crack. Kendall and Tabor (1971) have shown

that in the case of compression waves at normal incidence the reflection

coefficient may be expressed in terms of an effective "stiffness" of the

interface. The reflection coefficient, R, may be written thus:

R - a/S

where the constant, a, depends on the bulk mechanical properties of the solid

and the ultrasonic frequency. The stiffness, S, depends on the roughness of



the surfaces and the stress applied. In practice, both elastic and plastic

deformation of the surface asperities will occur, but Greenwood (1967) argues

that the change in stiffness will be relatively insensitive to the particular

mode of deformation. Experimental results for ground blocks suggest that the

stiffness is roughly proportional to the square root of the applied stress, a,

hwrite S = g

Then R = 1 A, b are constants.

-y/1 + ° /b 2

Figure 6 shows the ref lect ion and transmission coefficients p lo t ted as a function

of a normalised s t ress o/b^. Measurements of the ref lect ion of compression

and shear waves from the fatigue cracks a t normal incidence agree well with these

theore t ica l curves, the resu l t s for shear waves being shown in Figure 7.

As ye t , no theory i s avai lable for angled shear waves but the experimental

resu l t s are c lear ly of different form. However by assuming a s t i f fness of

the form S = ka where k, n are empirical constants, reasonable agreement with

experimental r e su l t s may be obtained. Figure 8 shows the experimental resu l t s

for the Delta-Scan arrangement together with the semi-empirical curve for n = 1.5.

In general the value of n i s comparatively independent of probe angle but varies

from about 0.5 to 2.0 depending on the block used.

THE EFFECTS OF LIQUIDS ON THE ULTRASONIC REFLECTIVITY

There are many prac t ica l s i tua t ions in which fatigue crack may be par t ly

or t o t a l l ed f i l l e d with water or other l iquid . In such a s i tua t ion , if the

crack separation i s very much less than a wavelength, theory predicts tha t

200
at normal incidence almost perfect transmission of compression waves will

occur. But this is not generally the case for angled beams or for shear

waves. Our calculations show that when the thickness of a liquid-filled

parallel-sided gap becomes less than about a tenth of a wavelength, tne reflection

of shear waves decreases for angles of incidence greater than the critical angle

of 33 . However there is an increase in reflection for angles less than the

critical angle as the gap thickness tends to zero. As an example, Figure 9

shows the calculated reflection and transmission coefficients for a zero thickness

fluid gap.

To investigate this experimentally, the cracks were put in tension by

applying small loads in three point bend and then sprayed with a penetrating fluid.

Measurements of the corner echoes were made with the blocks under zero load

and for compressive stresses up to 16O JWm . Figure 10 shows the results for

three cracks, compared with those for the dry cracks when tested with a 70°

probe. Under high stress, all cracks showed an increase in reflection of about

5 dB when wet. This is in agreement with the theory which predicts an increase

of about 3 dB for a thin liquid-filled gap compared with a similar dry gap. At

45 the reflectivity of the wet cracks was always less than when dry, the

difference being up to 8 dB at high stress. This trend is in agreement with

the theory which predicts that the reflectivity tends to zero when the gap

thickness becomes much less than a wavelength. The 60° probe recorded relatively

large decreases in all cases whereas the theory predicts an increase. The

discrepancy may be associated with the rapid variations in reflection coefficient

with angle and the strong mode conversions which occur for angles of incidence

close to 33 . The effect of introducing the liquid seems to be relatively

insensitive to the roughness of the crack faces.
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CONCLUSIONS

X. The growth conditions of fatigue cracks have a significant effect on

their ultrasonic response, both at zero load and when under compressive

stress. Variations in the roughness of the fatigue crack surfaces which

correlate well with the stress intensity factor, 6k, during crack growth

are believed to cause the changes in ultrasonic response.

2. Both increasing crack roughness and increasing compressive stresses

reduce the reflected signal from cracks. During an inspection, this

will lead to undersizing if echo amplitude comparison techniques like

DGS are used. However the effects of roughness and compressive

stress are not cumulative and the roughest cracks show little variation

with stress.
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3. Introducing liquid into a tight crack may cause an increase or decrease
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Introduction

A preprodcution IHX for the SNR 300 was tested at

full scale in the TNO-CTI 50 MW sodium component

test facility. After some preliminary tests and

after conducting a complete test program there was

a demand for internal inspection that would not

involve cutting operations.

The answer to this problem was through shell

radiography. Radiography is of course a well known

technique, however, in this case the results were

much better than what was expected. Therefore this

type of non destructive testing warrants some

explanation.

On site examination

The testobject in this case is an austenitic

sodium/sodium intermediate heat exchanger.

The heat exchanger is a floating head design with

a central downcomer. The secundary sodium flows

through the tubing, the primary sodium flow is on

the shell side. The main dimensions are:
>
o
N>
O



Tube diameter x wallthickness 21 x 1.4 mm

Tube length between tube-sheets 7,60 mm

Number of tubes 846

Diameter of central tube

(downcomer) 400 mm

Vessel diameter 1360 mm

Overal height 12.8 m

Nozzle diameter 300 mm

In order to be able to check the IHX internals, on

three places on the circumference and on 8 levels,

fingerprint radiographs were made, see fig. 2. The

exposures were made with the insulation in place.

The IHX vessel was equiped with fixtures welded on

for attaching a collimator.

The collimator was a lead custom made item; see

fig. 1. The design was such that the central

downcomer was shielded from radiation.

The examinations were carried out by means of a 90

Curies Co-60 source; diameter approx. 4 mm. The

cumulative wallthickness varied between 60 - 100

mm, see fig. 2. To compensate for this problem

films of different speed were used. For the thinnest

parts Kodak D type film was used. For the thickest

section Agfa D10 with thick (0.12 mm) lead intensifier

screens were used. With this set up an exposure

time of 1,5 hour was necessary.

The quality of the images obtained was rather

good. On the film the wire mesh that holds the

insulation in place is clearly visible. Flow

regulating devices of thin gauge material can be

seen. The straightness of the heat transfer tubes

could be determined. On one occasion the tube

bundle was filled with sodium on the secundary

side this was clearly detectable.
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